Calcium signaling components and their effect on synaptic morphology during neuronal development by Caylor, Raymond Clinton
Calcium	  signaling	  components	  and	  their	  effect	  on	  synaptic	  
morphology	  during	  neuronal	  development	  
	  
	  
BY	  
	  
Copyright	  2014	  
Raymond	  C.	  Caylor	  
	  
	  
	  
Submitted	  to	  the	  graduate	  degree	  program	  in	  Molecular	  Biosciences	  and	  the	  
Graduate	  Faculty	  of	  the	  University	  of	  Kansas	  in	  partial	  fulfillment	  of	  the	  
requirements	  for	  the	  degree	  of	  Doctor	  of	  Philosophy.	  
	  
	  
	  
	  
_________________________________	  
Chairperson	  –	  Dr.	  Brian	  D.	  Ackley	  
	  
	  
	  
_________________________________	  
Dr.	  Erik	  Lundquist	  
	  
	  
	  
_________________________________	  
Dr.	  Chris	  Gamblin	  
	  
	  
	  
_________________________________	  
Dr.	  Robert	  Ward	  
	  
	  
	  
________________________________	  
Dr.	  John	  Kelly	  
	  
	  
	  
	  
Date	  defended:	  March	  14,	  2014	   	  
	   ii	  
The	  dissertation	  committee	  for	  Raymond	  C.	  Caylor	  
certifies	  that	  this	  is	  the	  approved	  version	  of	  the	  following	  dissertation:	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Calcium	  signaling	  components	  and	  their	  effect	  on	  synaptic	  
morphology	  during	  neuronal	  development	  
	  
	  
	  
	  
	  
	  
__________________________________	  
Chairperson	  –	  Dr.	  Brian	  D.	  Ackley	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Date	  approved:	  March	  14,	  2014	   	  
	   iii	  
Abstract	  
Along	  with	   regulating	   synaptic	   transmission,	   voltage-­‐gated	  calcium	  channel	  
(VGCC)	   function	   is	  responsible	   for	  a	  myriad	  of	  cellular	  outputs,	   ranging	   from	  gene	  
expression	   to	   shaping	   synaptic	   morphology.	   Despite	   the	   morphological	   role	   of	  
VGCCs,	  the	  proteins	  working	  downstream	  of	  VGCCs	  to	  regulate	  synaptic	  morphology	  
remain	   mostly	   unknown,	   and	   their	   identification	   would	   provide	   insight	   into	   the	  
shaping	  of	  synapses	  through	  calcium	  signaling.	  
Chapter	   I	   introduces	   the	   Caenorhabditis	   elegans	   VGCC	   subunits	   unc-­‐2	   and	  
unc-­‐36	  as	   regulators	  of	  D-­‐type	  GABAergic	  neuromuscular	   junction	  morphology.	   In	  
addition	   to	   synaptic	  defects	   found	   in	   single	  mutants,	   loss-­‐of-­‐function	  mutations	   in	  
VGCC	   subunits,	   independent	   of	   neurotransmission,	   suppressed	   the	   enlarged	  
synaptic	  areas	  resulting	  from	  mutations	  in	  the	  extracellular	  matrix	  protein	  nidogen	  
(nid-­‐1).	  Furthermore,	  time-­‐lapse	  microscopy	  revealed	  UNC-­‐2	  function	  was	  required	  
for	  proper	  synaptic	  dynamics	  that	  occurred	  during	  the	  L4	  larval	  stage	  of	  organismal	  
growth.	   Specifically,	   the	   dynamics	   observed	   in	  wild-­‐type	   animals	  were	   slowed	   or	  
absent	   in	   unc-­‐2	   mutants.	   Since	   wild-­‐type	   synapses	   undergo	   enlargement	   –	  
increasing	   to	   areas	   similar	   to	   nid-­‐1	   –	   and	   subsequently	   divide	   into	   two	   smaller	  
puncta,	  we	  conclude	  UNC-­‐2	   is	  responsible	   for	  a	   temporal	  switch	  between	  synaptic	  
stability	  and	  growth	  to	  add	  synapses	  during	  development.	  
In	   chapter	   III,	   I	   detail	   the	   characterization	   of	   the	   calm-­‐1	   (ortholog	   of	  
calmyrin),	   a	   gene	   encoding	   an	   EF	   hand	   protein	   that	   was	   identified	   in	   a	   nid-­‐1	  
suppressor	   screen.	   Double	   mutant	   analysis	   between	   calm-­‐1	   and	   VGCC	   subunits	  
suggests	   calm-­‐1	  acts	   downstream	  of	  VGCCs	   to	   regulate	   synaptic	  morphology.	   This	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result	   is	   the	   first	   to	   find	   a	   calmyrin	   protein	   that	   affects	   synapse	   morphology	  
downstream	   of	   VGCCs.	   A	   calcium-­‐dependent	   CALM-­‐1	   pulldown	   identified	   the	  
intracellular	   scaffolding	   protein	   RACK-­‐1	   as	   a	   protein	   that	   may	   be	   targeted	   via	  
VGCC/CALM-­‐1	   signaling.	   Similar	   to	   nid-­‐1,	   rack-­‐1	   mutants	   displayed	   abnormally	  
shaped	  synaptic	  areas	  that	  were	  suppressed	  by	  calm-­‐1	  mutants.	  
In	  conclusion,	  my	  genetic	  analyses	  suggest	  synaptic	  growth	  through	  VGCCs	  is	  
normally	   inhibited	  by	  NID-­‐1.	  But	   this	   inhibition	   is	   relieved	  during	  development	   to	  
allow	   synaptogenesis	   to	   occur,	   commensurate	   with	   increases	   in	   organismal	   size,	  
from	  the	  expansion	  and	  budding	  of	  existing	  synaptic	  connections.	  Thus,	  the	  cycling	  
between	  synaptic	  adhesion	  and	  growth	  allows	  for	  a	  rapid	  and	  localized	  mechanism	  
to	  add	  new	  synapses.	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Chapter	  I	  
Introduction	   	  
	   2	  
The	   central	   nervous	   system	   (CNS)	   is	   composed	   of	   a	   myriad	   of	   intricately	  
arranged	   neuronal	   circuits,	   which	   provide	   the	   template	   for	   the	   complexity	   that	  
defines	   human	   behavior.	   Each	   circuit	   plays	   a	   pivotal	   role	   in	   the	   way	   humans	  
perceive	  and,	  importantly,	  respond	  to	  their	  environment.	  Moreover,	  personality	  and	  
emotions	  are	  inextricably	  linked	  to	  the	  proper	  wiring	  of	  the	  CNS.	  Understanding	  the	  
fundamental	  mechanisms	  of	   the	   initial	  wiring,	  maintenance	  and	  modulation	  of	   the	  
CNS	   is	   of	   vital	   importance	   to	   not	   only	   alleviating	   neurodevelopmental	   and	  
neurodegenerative	   diseases	   associated	   with	   improper	   neuronal	   wiring,	   but	   also	  
comprehending	  the	  human	  experience	  [1].	  
Underlying	   the	   innumerable	  circuits	   in	   the	  CNS	  exists	   the	   fundamental	  unit	  
that	   allows	   for	   communication	   between	   the	   estimated	   100	   billion	   neurons	   in	   the	  
human	   brain:	   the	   synapse.	   The	   inherent	   asymmetry	   of	   synapses	   allows	   for	   the	  
continuation	   of	   nerve	   impulses	   through	   the	   specialized	   nature	   of	   the	   pre-­‐	   and	  
postsynaptic	  cell.	  The	  presynaptic	  cell	  contains	  the	  machinery	  to	  sense	  and	  translate	  
action	   potentials	   at	   the	   nerve	   terminal	   into	   the	   fusion	   of	   synaptic	   vesicles	   with	  
synaptic	  membrane,	  resulting	  in	  the	  release	  of	  neurotransmitters	  into	  the	  synaptic	  
cleft	   [2].	   Correspondingly,	   postsynaptic	   cells	   have	   neurotransmitter-­‐specific	  
receptors	  and	  intracellular	  machinery	  to	  relay	  the	  nerve	  impulse	  [3].	  Finally,	  cellular	  
adhesion	   molecules	   span	   the	   membranes	   of	   both	   pre-­‐	   and	   postsynaptic	   cells	  
contacting	   one	   another	   to	   first	   stabilize	   nascent	   synapses	   and	   then	   to	   regulate	  
connections	  once	  they	  are	  formed	  [4].	  
On	  average,	  there	  are	  around	  1015	  synapses	  in	  the	  CNS,	  yet	  this	  number	  is	  not	  
static;	  synaptic	  connections	  are	  formed	  in	  excess	  in	  the	  developing	  brain,	  only	  for	  an	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existing	  connection	  to	  be	  strengthened	  or	  removed	  based	  on	  use	  or	  experience	  [5,	  
6].	   The	   addition	   and	   strengthening	   of	   synaptic	   connections	   throughout	   an	  
organism’s	   lifetime	   is	   critical	   in	   the	   process	   of	   learning	   and	   consolidation	   of	  
memories	   [7,	  8].	   In	   sum,	  proper	  development	  of	  neuronal	   circuits	  depends	  on	   the	  
appropriate	   balance	   of	   synaptic	   connections	   established	   through	   initial	   formation	  
and	   followed	   by	   antagonistic	   or	   agonistic	   manipulation	   of	   those	   existing	  
connections.	  
The	  importance	  of	  synaptic	  modulation	  is	  accentuated	  in	  many	  neurological	  
disorders,	   ranging	   from	   epilepsy	   to	   depression,	   that	   exhibit	   an	   imbalance	   in	   the	  
strength	   and/or	   number	   [9-­‐11].	   One	   potential	   way	   to	   ameliorate	   these	   disorders	  
would	  be	   to	   tip	   the	   synaptic	   imbalance	  back	   to	   its	  normal	   ratio	  of	   connections.	   In	  
order	   to	  restore	  proper	  synaptic	  balance,	   it	   is	  vital	   to	  understand	  the	  mechanisms	  
that	  function	  to	  restrict	  or	  assemble	  synaptic	  connections.	  Thus,	  understanding	  the	  
genetic	   and	  molecular	   basis	   of	   synaptic	   modulation	  may	   provide	   insight	   into	   the	  
development	   of	   pharmaceutical	   interventions	   to	   correct,	   or	   circumvent,	   synaptic	  
imbalances	  found	  in	  neurological	  diseases.	  
	  
Voltage-­‐gated	  calcium	  channels	  regulate	  synaptic	  function	  and	  morphology	  
Research	   into	   the	  molecular	  mechanisms	   of	   synaptic	   biology	   has	   identified	  
many	   genes	   required	   for	   proper	   synaptic	   function	   and	   morphology.	   Of	   these,	  
voltage-­‐gated	  calcium	  channels	  (VGCCs)	  have	  emerged	  as	  providing	  a	  critical	  role	  in	  
neurotransmission	   and	   other	   aspects	   of	   synaptic	   biology	   [12].	   In	   response	   to	   an	  
action	  potential	   reaching	   the	  nerve	   terminal,	  VGCCs	   facilitate	   the	   influx	  of	   calcium	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ions	  into	  presynaptic	  areas.	  This	  calcium	  influx	  promotes	  fusion	  of	  synaptic	  vesicles	  
with	   neuronal	  membrane,	   thereby	   enabling	   the	   release	   of	   neurotransmitters	   into	  
the	  synaptic	  cleft.	  
VGCCs	   are	   multimeric	   proteins	   composed	   of	   a	   pore	   forming	   and	   voltage	  
sensing	  α1	  subunit,	  along	  with	  accessory	  α2δ,	  β,	  and	  γ	  subunits	  –	  which	  usually	  aid	  
in	   channel	   function	   and	   localization	   (Fig.	   1.1)	   [13].	   The	   conservation	   of	   VGCC	  
subunits	   allows	   for	   genetic	   analysis	   of	   their	   role	   in	   neurodevelopment	   to	   be	  
conducted	   in	   model	   organisms.	   In	   Drosophila	   melanogaster	   and	   Caenorhabditis	  
elegans,	   the	   α1	   subunit	   –	   Cacophony	   and	   UNC-­‐2,	   respectively	   –	   affects	   both	  
neurotransmission	  and	  the	  shape	  of	  synaptic	  connections	  [14-­‐19].	  Additionally,	  the	  
α2δ	   subunits	   also	   regulate	   synaptic	   morphology	   and	   transmission,	   usually	   by	  
trafficking	   α1	   subunits	   to	   the	   cell	   membrane	   and	   modulating	   their	   biophysical	  
properties	   [20-­‐22].	   Interestingly,	   α2δ	   subunits	   have	   also	   been	   shown	   to	   affect	  
synaptic	  morphology	   independent	  of	  neurotransmission	   [23,	  24].	  VGCC	   regulation	  
of	   synaptic	   morphology	   independent	   of	   neurotransmission	   suggests	   secondary	  
effector	  molecules	  may	  function	  downstream	  of	  channel	  function	  to	  shape	  synapses.	  
Despite	   the	   evidence	   providing	   an	   understanding	   of	   how	   VGCCs	   function	   in	  
neurotransmission	  and	   synaptic	  morphology,	   the	  molecules	   acting	  downstream	  of	  
VGCCs	   in	   shaping	   synaptic	   morphology	   are	   not	   well	   understood.	   Identifying	  
proteins	   that	   act	   in	   response	   to	   VGCC	   activation	   will	   clarify	   how	   calcium	   influx	  
influences	  gross	  synaptic	  morphology.	  
VGCC-­‐derived	   calcium	   influx,	   in	   addition	   to	   neurotransmission,	   initiates	  
numerous	   cellular	   processes	   ranging	   from	   transcriptional	   regulation	   to	   cellular	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death	  [25].	  As	  cells	  must	  be	  able	  to	  translate	  changes	  in	  calcium	  concentrations	  into	  
functional	   outputs,	   a	   wide	   variety	   of	   calcium-­‐binding	   proteins	   have	   evolved	   to	  
respond	   to	   the	   transient	   and	   localized	  nature	  of	   intracellular	   calcium	   spikes,	  with	  
the	  most	  extensively	  studied	  protein	  being	  calmodulin	  [26].	  
In	  the	  nervous	  system,	  the	  neuronal	  calcium	  sensor	  (NCS)	  family	  is	  a	  diverse	  
set	  of	  proteins	  that	  respond	  to	  fluctuations	  in	  calcium	  concentrations.	  NCS	  proteins	  
possess	  EF	  hand	  domains,	  which	  bind	   calcium	  and	   induce	  protein	   conformational	  
shifts	   [27].	   These	   shifts	   permit	   NCS	  members	   to	   interact	   in	   a	   calcium-­‐dependent	  
manner	  with	  protein	  effectors.	  For	  example,	  in	  photoreceptor	  cells,	  calcium	  binding	  
activates	   the	   NCS	   recoverin	   and	   leads	   to	   the	   inhibition	   of	   rhodopsin	   kinase	   [28].	  
Additionally,	   conformational	   rearrangements	   can	   lead	   to	   the	   extrusion	   of	   a	  
membrane-­‐targeting	   myristoylation	   sequence,	   allowing	   for	   a	   calcium-­‐induced	  
change	  in	  protein	  localization	  [29].	  Thus,	  NCS	  proteins	  are	  attractive	  candidates	  to	  
perform	  activity-­‐independent	  morphological	  changes	   in	  response	  to	  VGCC-­‐induced	  
calcium	  influx.	  One	  of	  the	  main	  findings	  of	  this	  dissertation	  is	  the	  identification	  of	  an	  
NCS	   protein	   functioning	   downstream	   of	   VGCCs	   to	   regulate	   synaptic	   morphology,	  
providing	  the	  first	  example	  of	  such	  an	  interaction.	  
	  
C.	  elegans	  GABAergic	  neuromuscular	  junction	  as	  a	  model	  for	  synaptogenesis	  
The	   work	   in	   this	   dissertation	   is	   centered	   on	   gaining	   insight	   into	   the	  
molecular	  mechanisms	  of	  calcium	  signaling,	  and	  its	  role	  shaping	  synaptic	  contacts.	  
To	   better	   understand	   how	   VGCCs	   and	   calcium-­‐binding	   proteins	   regulate	   synaptic	  
connections	   during	   development,	   and	   whether	   these	   connections	   are	   uncoupled	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from	   neurotransmission,	   we	   utilize	   the	   model	   organism	   C.	   elegans.	   The	   nervous	  
system	  of	  the	  nematode	  C.	  elegans	  functions	  similarly	  to	  the	  vertebrate	  CNS,	  but	  is	  a	  
simplified	   and	   powerful	   model	   to	   study	   the	   genetics	   behind	   nervous	   system	  
development	   [30,	  31].	  Adult	   animals	  possess	  a	   tractable	  302	  neurons,	  while	  using	  
many	  of	   the	  same	  neurotransmitters	  as	  vertebrates.	  Furthermore,	   the	  connections	  
of	   each	   neuron	   have	   all	   been	   mapped,	   leading	   it	   to	   be	   the	   first	   organism	   with	   a	  
completely	  diagramed	  connectome	  [32].	  
At	   the	   synapse,	   the	   proteins	   involved	   in	   vertebrate	   synaptic	   transmission	  
have	  orthologs	   in	  C.	  elegans	  [33],	   thus	  genes	  discovered	  to	  be	   involved	   in	  synaptic	  
morphology	  and	   function	   can	   likely	  be	  used	  as	   a	   guide	   for	  vertebrate	   studies.	   For	  
example,	   two	   genes	   originally	   identified	   in	   C.	   elegans	   for	   neurotransmission	   (by	  
promoting	   synaptic	   vesicle	   fusion	   to	  plasma	  membrane),	  unc-­‐13	  and	  unc-­‐18,	  were	  
later	   found	   to	   have	   homologues	   in	   mammals,	   and,	   fittingly,	   named	   Munc-­‐13	   and	  
Munc18	   [34,	   35].	   Lastly,	   the	   transparency	   and	   genetic	   amenability	   of	   C.	   elegans	  
allow	  for	  in	  vivo	  analyses	  of	  the	  genes	  directing	  neurodevelopment.	  
Genetic	   analysis	   of	   synapse	  morphology	   is	   aided	   by	   the	   use	   of	   fluorescent	  
markers	   to	   label	   presynaptic	   areas,	   specifically	   fusing	   the	   synaptic	   vesicle	   protein	  
synaptobrevin	   (SNB-­‐1)	   to	  GFP	  and	  expressing	   it	  under	  neuron-­‐specific	  promoters.	  
For	   example,	   the	   GABAergic	   specific	   promoter	   unc-­‐25	  has	   become	   a	   widely	   used	  
marker	  for	  synaptogenesis	  [36,	  37].	  This	  marker	  is	  observed	  in	  GABAergic	  neurons	  
as	   punctate	   clusters	   of	   GFP	   that	   are	   evenly	   spaced	   along	   the	   ventral	   and	   dorsal	  
nerve	  cord	   (Fig.	  1.2).	  These	  puncta	   reliably	   represent	  NMJs,	   as	  SNB-­‐1::GFP	  cluster	  
location	   and	   incidence	   correspond	   the	   positions	   of	   NMJ	   when	   compared	   to	   EM	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reconstructions	  [38].	  Thus,	  any	  gene	  mutations	  that	  disrupt	  this	  defined	  SNB-­‐1::GFP	  
pattern	  are	  identified	  as	  regulators	  of	  synaptic	  morphology.	  
The	  work	  in	  this	  dissertation	  employs	  the	  C.	  elegans	  neuromuscular	  junction	  
(NMJ)	   to	   study	   the	   genetics	   of	   synaptogenesis.	   Nematode	   NMJs	   contain	   both	  
cholinergic	   (excitatory)	   and	   GABAergic	   (inhibitory)	   inputs,	   with	   these	   neurons	  
innervating	  ventral	  and	  dorsal	  body	  wall	  muscles	  to	  control	  the	  animal’s	  sinusoidal	  
movement	   [39].	   Postsynaptically,	  muscle	   cells	   extend	   dendrite-­‐like	   arms	   to	   reach	  
the	  motor	   neuron	   axons	   residing	   in	   the	   dorsal	   and	   ventral	   nerve	   cords	   [32].	   The	  
GABA	  receptor,	  UNC-­‐49,	  clusters	  opposite	  of	  presynaptic	  areas,	  through	  instruction	  
from	  an	  unidentified	  neuron	  derived	  factor	  [40].	  In	  brief,	  the	  NMJ	  of	  C.	  elegans	  is	  a	  
well-­‐defined	  system	  recapitulating	  aspects	  of	   the	  CNS	  by	  having	  postsynaptic	  cells	  
that	  receive	  multiple	  synaptic	  inputs	  from	  two	  different	  neuronal	  types	  (excitatory	  
and	   inhibitory),	   thus	   lending	   itself	   to	   be	   a	   valuable	   resource	   for	   studying	  
synaptogenesis.	  
While	   the	   NMJ	   consists	   of	   a	   tripartite	   system	   of	   muscle	   and	   two	   sets	   of	  
neurons,	   the	   work	   in	   this	   dissertation	   focuses	   on	   the	   D-­‐type	   GABAergic	   motor	  
neurons.	  There	  are	  a	  total	  of	  19	  D-­‐type	  GABAergic	  neurons,	  consisting	  of	  13	  VD	  and	  
6	   DD	   neurons.	   Each	   neuron	   characteristically	   assumes	   a	   horizontal	   H-­‐shape	   that	  
runs	  the	  length	  of	  the	  animal,	  lying	  adjacent	  to	  both	  the	  dorsal	  and	  ventral	  body	  wall	  
muscles	  (Fig.	  1.3).	  While	  both	  cell	  bodies	  are	  located	  in	  the	  ventral	  nerve	  cord,	  VD	  
and	  DD	   neurons	   differ	  where	   their	   presynaptic	   areas	   are	   positioned	   along	   the	  H-­‐
shape:	  VDs	   receive	   information	   in	   the	  dorsal	   cord	   and	   innervate	   the	   ventral	   body	  
wall	  muscle	  to	  inhibit	  it,	  while	  the	  DDs	  function	  in	  the	  opposite	  manner	  [41].	  VD	  and	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DD	  synapses	  are	  formed	  en	  passant	  (i.e.,	  along	  the	  length	  of	  the	  axon,	   instead	  of	  at	  
the	   axon	   terminus),	   providing	   multiple	   synapses	   to	   occur	   on	   one	   neuron.	   In	  
conclusion,	  C.	  elegans	  GABAergic	  NMJs	  present	  many	  advantages	  and	  opportunities	  
to	  investigate	  the	  molecular	  mechanisms	  directing	  synaptogenesis.	  
	  
Synaptic	  morphology	  dictated	  by	  a	  balance	  between	  adhesion	  and	  calcium	  
signaling	  
The	  interest	  in	  VGCCs	  in	  GABAergic	  synapse	  morphology	  stems	  from	  a	  screen	  
to	   identify	   modifiers	   of	   the	   synaptic	   phenotype	   that	   results	   from	   the	   loss	   of	   the	  
extracellular	  matrix	   protein	   nidogen	   (NID-­‐1)	   [14].	  NID-­‐1	   is	   enriched	   in	   regions	   of	  
the	  basal	  lamina	  adjacent	  to	  synaptic	  areas,	  and	  its	  absence	  results	  in	  elongated	  and	  
abnormally	  shaped	  presynaptic	  areas	  [42].	  NID-­‐1	  regulates	  synapses	  by	  binding	  the	  
cellular	   adhesion	   molecule	   leukocyte-­‐common	   antigen	   related	   receptor	   protein	  
tyrosine	  phosphatase	  (PTP-­‐3A)	  (Fig.	  1.4).	  The	  effect	  of	  this	  interaction	  is	  to	  restrict	  
synaptic	   vesicles	   and	   the	   synaptic	   organizing	   molecule	   SYD-­‐2	   at	   synapses	   [43].	  
Because	   the	   diffusion	   of	   presynaptic	   areas	   in	   ptp-­‐3A	   and	   nid-­‐1	   loss-­‐of-­‐function	  
mutants	   is	  accompanied	  by	  the	  dispersal	  of	   the	  SYD-­‐2	  along	  the	  axonal	  projection,	  
NID-­‐1	  and	  PTP-­‐3	  are	  believed	  to	  provide	  structural	  support	  for	  the	  maintenance	  of	  
synapses.	   With	   this	   structural	   role	   in	   mind,	   I	   sought	   to	   identify	   the	   mechanism	  
through	  which	  nidogen	  regulates	  synaptic	  morphology.	  
We	  found	  that	  mutations	  in	  VGCC	  subunits	  unc-­‐2	  and	  unc-­‐36	  suppressed	  the	  
synaptic	  defects	  observed	  in	  nidogen	  mutants,	  and	  that	  VGCC	  function	  was	  required	  
cell	  autonomously	  for	  regulation	  of	  synaptic	  morphology	  [14].	  That	  this	  suppression	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was	  also	  not	  dependent	  on	  synaptic	  transmission	  indicated	  to	  us	  VGCC	  activity	  may	  
result	   in	   the	   activation	   of	   downstream	   effector	   molecules,	   and	   led	   to	   the	  
identification	  of	  the	  EF	  hand	  protein	  CALM-­‐1.	  
CALM-­‐1	  is	  an	  ortholog	  of	  the	  NCS	  protein	  subfamily	  of	  calcium-­‐	  and	  integrin-­‐
binding	  proteins	   (CIB1-­‐4),	   also	   referred	   to	   as	   calmyrin.	  CIB	  proteins	   interact	  with	  
integrins	   to	   mediate	   platelet	   aggregation	   and	   adhesion	   [44,	   45]	   and	   regulate	  
intracellular	   calcium	  release	   through	   the	   inositol	  1,4,5-­‐triphosphate	   receptor	   [46].	  
CIB	  proteins	  also	  possess	  the	  ability	  to	  traffic	  cytoplasmic	  target	  proteins,	  as	  CIB1,	  in	  
response	   to	  calcium,	  brings	  sphingosine	  kinase	  1	  via	   its	  N-­‐terminal	  myristoylation	  
sequence	  to	  the	  cell	  membrane	  [47].	  	  
Supporting	  a	  neural	  role	  for	  CIB	  proteins,	  CIB2	  transcript	  and	  protein	  levels	  
are	   enriched	   in	   the	   hippocampus	   and	   cortex	   of	   rats	   [48],	   and	   calmyrin1	   interacts	  
with	   microtubule	   destabilizing	   molecule	   stathmin2	   in	   cultured	   hippocampal	  
neurons	  to	  regulate	  microtubule	  dynamics	  [49].	  CIB	  proteins	  are	  also	  implicated	  in	  
human	  health,	  as	  CIB2	  was	  identified	  as	  a	  risk	  gene	  in	  a	  study	  looking	  for	  rare	  copy	  
number	  variants	  associated	  with	  autism	  spectrum	  disorders	  [50].	  We	  found	  CALM-­‐1	  
localized	   in	   the	   nervous	   system,	   making	   it	   an	   ideal	   candidate	   to	   serve	   as	   an	  
intermediate	  between	  VGCCs	  and	  synaptic	  morphology.	  In	  fact,	  CALM-­‐1	  targets	  the	  
C.	  elegans	  sphingosine	  kinase	  (SphK)	  to	  synapses	  in	  cholinergic	  neurons	  to	  facilitate	  
synaptic	   vesicle	   priming	   [51],	   suggesting	   CALM-­‐1	   can	   fulfill	   calcium-­‐switch	  
properties	  similar	  to	  CIB	  proteins.	  
calm-­‐1	  loss-­‐of-­‐function	  mutants	  also	  suppress	  the	  enlarged	  synaptic	  areas	  of	  
nid-­‐1	  mutants,	  similar	  to	  VGCC	  subunit	  mutations.	  Double	  mutant	  analysis	  revealed	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calm-­‐1	   and	   the	   VGCC	   subunits	   work	   in	   a	   linear	   genetic	   pathway,	   with	   calm-­‐1	  
functioning	   downstream	   and	   cell	   autonomously	   to	   regulate	   synaptic	  morphology.	  
Interestingly,	  a	  gain-­‐of-­‐function	  mutation	  in	  unc-­‐2	  mimics	  the	  synaptic	  phenotype	  of	  
nid-­‐1	  mutants,	  suggesting	  loss	  of	  NID-­‐1	  is	  similar	  to	  increased	  VGCC	  activity.	  These	  
results	   support	   a	  model	  where	  NID-­‐1/PTP-­‐3	  normally	   restrict	   synaptic	   growth	  by	  
inhibiting	   VGCC	   function,	   and	   ultimately	   CALM-­‐1.	   In	   conclusion,	   we	   hypothesize	  
synaptic	   morphology	   relies	   a	   balance	   between	   VGCC-­‐mediated	   calcium	   signaling	  
and	  NID-­‐1	  regulation	  of	  synaptic	  adhesion.	  	  
Time-­‐lapse	   analysis	   of	   GABAergic	   synapses,	   during	   the	   L4	   larval	  
developmental	   stage,	   reveals	   that	   presynaptic	   areas	   undergo	   marked	   changes	   in	  
morphology,	   progressing	   from	   a	   discrete	   single	   punctum	   to	   elongated	   shapes	  
(similar	  to	  nid-­‐1	  mutant	  animals)	  that	  resolve	  into	  two	  puncta	  [14].	  These	  synaptic	  
changes	  require	  unc-­‐2,	  as	  loss	  of	  UNC-­‐2	  function	  results	  in	  reduced	  dynamics.	  Due	  to	  
the	   initial	   formation	   of	   synapses	   in	   the	   unc-­‐2	  background,	   it	   is	   likely	   that	   UNC-­‐2	  
plays	  a	  negligible	  role	  in	  de	  novo	  synapse	  formation.	  Although	  these	  data	  do	  not	  rule	  
out	  the	  role	  of	  calcium	  signaling	  and	  synaptic	  adhesion	  at	  other	  developmental	  time	  
points,	   it	  does	  suggest	  a	  mechanism	  of	  synapse	  addition	   from	  preexisting	  synaptic	  
connections	   during	   organismal	   growth,	   which	   depends	   on	   a	   balance	   between	  
calcium	   signaling	   and	   adhesion.	   L4	   larval	   stage	   analysis	   contrasts	   with	   previous	  
studies,	   where	   young	   adult	   animals	   were	   imaged,	   so	   the	   observed	   phenotypes	  
described	   earlier	   are	   believed	   to	   arise	   from	   a	   failure	   to	   properly	   form	   synapses,	  
rather	  then	  disassembling	  due	  to	  lack	  of	  stability.	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In	   an	   effort	   to	   reveal	   potential	   downstream	   targets	   of	   VGCC/CALM-­‐1	  
signaling,	   a	   calcium-­‐dependent	   pulldown	  with	   CALM-­‐1	   identified	   the	   intracellular	  
scaffolding	   molecule	   receptor	   for	   activated	   C	   kinase	   (RACK-­‐1).	   rack-­‐1	   loss-­‐of-­‐
function	   mutants	   displayed	   synaptic	   defects	   similar	   to	   nid-­‐1,	   indicating	   it	   also	  
normally	   restricts	   synaptic	   growth.	   As	   with	   nid-­‐1	   mutants,	   removing	   calm-­‐1	  
suppressed	   the	   enlarged	   synaptic	   defects	   of	   rack-­‐1	   animals.	   Thus,	   the	   physical	  
interaction	   between	   RACK-­‐1	   and	   CALM-­‐1	   may	   act	   as	   a	   switch	   between	   synaptic	  
adhesion	  and	  growth.	  
Interestingly,	   the	   synaptic	   growth	   we	   observe	   is	   similar	   to	   the	   dynamics	  
observed	  at	  D.	  melanogaster	  larval	  NMJs.	  At	  these	  NMJs,	  when	  observed	  from	  the	  L1	  
to	   L3	   larval	   stage,	   new	   synaptic	   boutons	   were	   added	   by	   asymmetric	   budding	   or	  
division	   from	   existing	   boutons	   [52].	   Furthermore,	   the	   nascent	   boutons	   contained	  
lower	  levels	  of	  the	  synaptic	  adhesion	  molecule	  FasII.	  These	  results,	   in	  combination	  
with	  our	  nid-­‐1	  phenotype,	   indicate	  cellular	  adhesion	  needs	   to	  be	   temporally	  down	  
regulated	  to	  allow	  for	  the	  synaptic	  addition	  that	  accompanies	  organismal	  growth.	  
In	   summary,	   we	   have	   uncovered	   a	   calcium-­‐dependent	   pathway	   that	  
temporally	   regulates	   D-­‐type	   GABAergic	   motor	   neuron	   synapse	   morphology,	  
specifically	  the	  addition	  of	  new	  synapses	  from	  preexisting	  synaptic	  areas.	  Based	  on	  
our	  genetic,	  cell	  biological	  and	  biochemical	  analyses,	  the	  addition	  of	  synaptic	  areas	  
results	   from	   the	   expansion	   and	   budding	   of	   an	   existing	   synapse	   into	   two	   synaptic	  
areas	   relies	   on	   the	   cyclical	   interplay	   between	  molecules	   responsible	   for	   synaptic	  
stability	  and	  growth.	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Section	  1.1	  Figures	  
Figure	  1.1	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Figure	   1.1	   Voltage-­‐gated	   calcium	   channels	   (VGCCs)	   are	   multimeric	   proteins	  
VGCCs	   are	  multisubunit	   complexes	  with	   a	   principal	   α1-­‐pore	   forming	   and	   voltage-­‐
sensing	   subunit.	   α1	   subunit	   localization	   and	   physiological	   function	   are	   aided	   by	  
accessory	  α2δ,	  β,	   and	  occasionally	  γ	   subunits.	  The	  α2δ	  subunit	   is	  product	  of	   single	  
gene	  that	  is	  posttranslationally	  cleaved	  into	  two	  and	  joined	  by	  disulfide	  bonds,	  and	  
is	  believed	  to	  be	  tethered	  to	  the	  plasma	  membrane	  through	  a	  GPI	  anchor.	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Figure	  1.2	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Figure	  1.2	  Visualization	  of	  GABAergic	  NMJs	  (A)	  Synaptic	  areas	  are	  visualized	  by	  
tagging	   the	   synaptic	   vesicle	   protein	   synaptobrevin	   with	   GFP.	   This	   construct	   is	  
expressed	   under	   a	   neuron	   specific	   promoter,	   the	   GABAergic	   motor	   neuron	  
promoter	   unc-­‐25.	   (B)	   SNB-­‐1::GFP	   puncta	   are	   observed	   as	   discrete	   and	   uniformly	  
distributed	   puncta	   when	   viewed	   by	   confocal	   microscopy.	   A	   neuron	   cell	   body	   is	  
located	   above	   the	   row	   of	   synaptic	   puncta	   in	   this	   image.	   (C)	   Puncta	   consist	   of	   an	  
accumulation	   of	   many	   synaptic	   vesicles.	   Light	   and	   electron	   microscopy	   have	  
demonstrated	   that	   puncta	   are	   collections	   of	   synaptic	   vesicles	   at	   single	   synaptic	  
contacts.	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Figure	  1.3	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Figure	  1.3	  VD	  and	  DD	  neurons	  innervate	  ventral	  and	  dorsal	  body	  wall	  muscles	  
(A)	   The	   D-­‐type	   GABAergic	   motor	   neurons	   consist	   of	   VD	   and	   DD	   neurons.	   These	  
neurons	   form	   a	   characteristic	   horizontal	   H-­‐shape	  morphology,	   and	   run	   along	   the	  
length	   of	   the	   animal.	   Neurons	   have	   cell	   bodies	   (asterisks)	   along	   the	   ventral	   cord,	  
with	   neuronal	   projections	   located	   in	   both	   ventral	   and	   dorsal	   cords,	   linked	   by	   a	  
single	   commissure.	   	   VD	   and	   DD	   neurons	   differ	   by	   which	   body	   wall	   muscle	   they	  
innervate.	  VD	  neurons	   innervate	  the	  ventral	  body	  wall	  muscle	  (indicated	  by	  green	  
circles,	   representing	   presynaptic	   areas),	   while	   DD	   neurons	   innervate	   dorsal	   body	  
wall	  muscles.	  (B)	  Confocal	  image	  of	  D-­‐type	  GABAergic	  synapses	  on	  both	  ventral	  and	  
dorsal	   cords	   of	   single	   animal	   –	   ventral	   is	   bottom	   of	   picture	   and	   dorsal	   is	   top	   of	  
picture.	  Asterisks	  label	  cell	  bodies	  and	  arrows	  point	  to	  presynaptic	  areas.	  Scale	  bar	  
is	  10	  μm.	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Figure	  1.4	  	  
	  
	   	  
PTP#3%
SYD#2%
NID#1%
A%
B% ptp#3(mu256),
	   19	  
Figure	   1.4	   Nidogen	   restricts	   synaptic	   vesicles	   at	   presynaptic	   areas	   through	  
PTP-­‐3	   (A)	   Nidogen	   interacts	  with	   transmembrane	   receptor	   tyrosine	   phosphatase	  
LAR	   to	   restrict	   SYD-­‐2	   (liprin-­‐α)	   and	   synaptic	   vesicles	   at	   the	   synapse.	   (B)	   Each	  
mutation	  results	  in	  the	  same	  diffuse	  synaptic	  vesicle	  (SNB-­‐1::GFP)	  accumulation,	  as	  
represented	  by	  the	  strong	  loss-­‐of-­‐function	  allele	  ptp-­‐3(mu256).	  Arrow	  is	  pointed	  at	  
diffuse	  and	  disorganized	  synaptic	  vesicle	  accumulation.	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Chapter	  II	  
The	  Caenorhabditis	  elegans	  voltage-­‐gated	  calcium	  channel	  
subunits	  UNC-­‐2	  and	  UNC-­‐36	  and	  the	  calcium-­‐dependent	  kinase	  
UNC-­‐43/CaMKII	  regulate	  neuromuscular	  junction	  morphology	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Section	  2.1	  Abstract	  
The	   conserved	   C.	   elegans	   proteins	   NID-­‐1/nidogen	   and	   PTP-­‐3A/LAR-­‐RPTP	  
function	   to	   efficiently	   localize	   the	   presynaptic	   scaffold	   protein	   SYD-­‐2/liprin-­‐α	   at	  
active	   zones.	   Loss	   of	   function	   in	   these	   molecules	   results	   in	   defects	   in	   the	   size,	  
morphology	  and	  spacing	  of	  neuromuscular	  junctions.	  	  
Here	   we	   show	   that	   the	   Cav2-­‐like	   voltage-­‐gated	   calcium	   channel	   (VGCC)	  
proteins,	   UNC-­‐2	   and	   UNC-­‐36,	   and	   the	   Calmodulin	   Kinase	   II	   (CaMKII),	   UNC-­‐43,	  
function	  to	  regulate	  the	  size	  and	  morphology	  of	  presynaptic	  domains	  in	  C.	  elegans.	  
unc-­‐2,	  unc-­‐36	  or	  unc-­‐43	   loss-­‐of-­‐function	  mutants	   formed	   slightly	   larger	  GABAergic	  
neuromuscular	   junctions	   (NMJs),	   but	   could	   suppress	   the	   synaptic	   morphology	  
defects	   found	   in	  nid-­‐1/nidogen	  or	  ptp-­‐3/LAR	  mutants.	  A	  gain-­‐of-­‐function	  mutation	  
in	  unc-­‐43	  caused	  defects	  similar	   to	   those	   found	   in	  nid-­‐1	  mutants.	  Mutations	   in	  egl-­‐
19,	  Cav1-­‐like,	  or	  cca-­‐1,	  Cav3-­‐like,	  α1	  subunits,	  or	   the	  second	  α2/δ	   subunit,	  tag-­‐180,	  
did	   not	   suppress	   nid-­‐1,	   suggesting	   a	   specific	   interaction	   between	   unc-­‐2	   and	   the	  
synaptic	   extracellular	   matrix	   (ECM)	   component	   nidogen.	  Using	   a	   synaptic	   vesicle	  
marker	   in	   time-­‐lapse	  microscopy	   studies,	  we	   observed	  GABAergic	  motor	   neurons	  
adding	   NMJ-­‐like	   structures	   during	   late	   larval	   development.	   The	   synaptic	   bouton	  
addition	   appeared	   to	   form	   in	   at	   least	   two	   ways:	   (1)	   de	   novo	   formation,	   where	   a	  
cluster	  of	   vesicles	  appeared	   to	   coalesce,	  or	   (2)	  a	   single	  punctum	  became	  enlarged	  
and	   then	  divided	   to	   form	  two	  discrete	   fluorescent	  puncta.	  Comparing	   to	  wild-­‐type	  
animals,	   we	   found	   unc-­‐2	  mutants	   exhibited	   reduced	   NMJ	   dynamics,	   with	   fewer	  
observed	  divisions	  during	  a	  similar	  stage	  of	  development.	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We	  identified	  UNC-­‐2/UNC-­‐36	  VGCCs	  and	  UNC-­‐43/CaMKII	  as	  regulators	  of	  C.	  
elegans	   synaptogenesis.	   UNC-­‐2	   has	   a	   modest	   role	   in	   synapse	   formation,	   but	   a	  
broader	  role	  in	  regulating	  dynamic	  changes	  in	  the	  size	  and	  morphology	  of	  synapses	  
that	   occur	   during	   organismal	   development.	   During	   the	   late-­‐L4	   larval	   stage,	   wild-­‐
type	   animals	   exhibit	   synaptic	   morphologies	   that	   are	   similar	   to	   those	   found	   in	  
animals	  lacking	  NID-­‐1/PTP-­‐3	  adhesion,	  as	  well	  as	  those	  with	  constitutive	  activation	  
of	   UNC-­‐43.	   Genetic	   evidence	   indicates	   VGCCs	   and	   the	   NID-­‐1/PTP-­‐3	   adhesion	  
complex	   provide	   opposing	   functions	   in	   synaptic	   development,	   suggesting	   that	  
modulation	  of	  synaptic	  adhesion	  may	  underlie	  synapse	  development	  in	  C.	  elegans.	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Section	  2.2	  Introduction	  
Changes	   in	   the	   cell	   membrane	   potential	   can	   open	   voltage-­‐gated	   calcium	  
channels	   (VGCC)	   to	   permit	   calcium	   entry.	   VGCCs	   are	   formed	   by	  α1,	  α2/δ,	   and	   β	  
subunits	  and	  can	  include	  a	  γ	  subunit	  [53].	  The	  α1	  subunit	   forms	  the	  channel	  pore,	  
while	   the	   auxiliary	  β	   and	  α2/δ	   subunits	   affect	   channel	   trafficking	   and	   physiology	  
[54,	  55].	  The	  α2/δ	  subunits	  are	  synthesized	  as	  a	  single	  polypeptide	  that	  undergoes	  
proteolytic	   cleavage,	   but	   remains	   covalently	   associated	   [56-­‐58].	   VGCCs	   have	   been	  
classified	   by	   their	   pharmacological	   and	   electrophysiological	   properties	   [53].	   Cav2-­‐
type	   channels	   are	   localized	   to	   the	  presynaptic	   active	   zone,	  where	   they	   function	   in	  
vesicle	   exocytosis.	   Cav1channels	   localize	   more	   broadly	   and	   have	   been	   associated	  
with	  events	  including	  gene	  regulation,	  local	  translation	  and	  dendritic	  growth	  [13].	  
In	  addition	  to	  synaptic	  vesicle	  exocytosis,	  there	  have	  been	  reports	  describing	  
a	   role	   for	  VGCCs	   in	   regulating	  presynaptic	  development.	   Loss	  of	   calcium	  signaling	  
through	   the	   α1	   subunit	   cacophony	   resulted	   in	   reduced	   NMJ	   growth	   during	  
Drosophila	   larval	   development	   [15].	   At	   the	   vertebrate	   NMJ,	   a	   role	   for	   synaptic	  
calcium	   channels	   has	   been	   discovered	   in	  mediating	   synaptic	   stability.	   The	   Cav2.1	  
and	  Cav2.2	  calcium	  channels	  were	  found	  to	  bind	  directly	  to	  the	  extracellular	  matrix	  
proteins	  laminin-­‐10	  and	  -­‐11	  and	  this	  interaction	  is	  critical	  for	  synaptic	  maintenance	  
[59].	   In	   the	   central	   nervous	   system,	   the	   α2/δ1	   protein	   is	   a	   receptor	   for	   the	  
extracellular	   matrix	   (ECM)	   protein	   thrombospondin,	   and	   together	   they	   act	   to	  
promote	   synaptogenesis	   [24].	   These	   results	   demonstrate	   how	   an	   interaction	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between	   VGCCs	   and	   the	   synaptic	   ECM	   can	   regulate	   synaptic	   development	   and	  
morphology.	  
Previously,	   we	   have	   shown	   the	   synaptic	   ECM	   components	   nidogen	   (nid-­‐1)	  
and	  collagen	  XVIII	   (cle-­‐1)	  exhibit	  distinct	  roles	   in	   the	   formation	  of	  C.	  elegans	  NMJs	  
[42].	  Mutations	   in	  nid-­‐1	  cause	  a	  disruption	  in	  the	  size,	  shape	  and	  function	  of	  these	  
synapses	  by	  disrupting	  the	  accumulation	  of	  the	  LAR	  receptor	  tyrosine	  phosphatase,	  
PTP-­‐3A,	  and	  the	  intracellular-­‐adaptor	  protein	  liprin-­‐α/SYD-­‐2	  at	  active	  zones	  [43].	  
During	  a	  screen	   for	  nid-­‐1	  genetic	  modifiers	  we	  recovered	  an	  allele	  of	  unc-­‐2,	  
which	   encodes	   the	   single	   C.	   elegans	   Cav2-­‐like	   α1	   subunit	   [17].	   Loss-­‐of-­‐function	  
(LOF)	  mutations	  in	  unc-­‐2	  result	  in	  presynaptic	  contacts	  being	  slightly	  enlarged,	  but	  
also	   suppression	   of	   the	   defects	   caused	   by	   the	   nid-­‐1	  mutation.	   Using	   time-­‐lapse	  
analysis	  we	  show	  that	  GABAergic	  NMJs	  exhibit	  dynamic	  shape	  changes	  during	   the	  
late	  L4	  larval	  stage,	  and	  that	  new	  NMJs	  can	  be	  formed	  by	  the	  elongation	  and	  division	  
of	   established	   presynaptic	   domains.	   These	   dynamic	   changes	   were	   dependent	   on	  
functional	   UNC-­‐2.	   We	   also	   find	   that	   unc-­‐43,	   the	   C.	   elegans	   Calmodulin	   kinase	   II	  
(CaMKII)	   homolog,	   regulates	   GABAergic	   synapse	   formation.	   LOF	   in	   unc-­‐43	  
suppresses	  nid-­‐1,	  while	   a	   gain-­‐of-­‐function	   (GOF)	  mutation	   in	  unc-­‐43	  causes	  nid-­‐1-­‐
like	   defects	   in	   NMJ	  morphology.	   Our	   results	   find	   a	   novel	   interaction	   between	   the	  
ECM	   and	   VGCCs,	   where,	   during	   synaptic	   development,	   they	   appear	   to	   function	  
antagonistically.	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Section	  2.3	  Results	  
unc-­‐2	  regulates	  the	  size,	  shape	  and	  morphology	  of	  presynaptic	  domains	  
We	  have	  found	  that	  the	  ECM	  protein	  nidogen,	  nid-­‐1,	  affects	  the	  morphology	  
and	  function	  of	  C.	  elegans	  NMJs	  [42,	  43].	  We	  visualized	  GABAergic	  NMJs	  using	  a	  SNB-­‐
1::GFP	   (synaptobrevin)	   chimeric	  marker,	   juIs1	   [37],	   as	  an	   indicator	  of	  presynaptic	  
size	   and	   placement.	   In	   young	   adult	   (yAd)	   wild-­‐type	   (wt)	   animals	   GFP-­‐labeled	  
synaptic	   vesicles	   cluster	   in	   discrete,	   regularly	   sized	   puncta	   that	   have	   a	   smooth	  
morphology	   (Fig.	   2.1	   A),	   with	   an	   average	   area	   of	   0.81±0.01	   µm2	   (Mean±S.E.M.).	  
Strong	   LOF	   nid-­‐1(cg119)	   animals	   have	   a	   synapse	   defective	   (Syd)	   phenotype	   such	  
that	  fluorescent	  puncta	  often	  exhibit	  a	  rough	  or	  disorganized	  appearance	  and	  have	  
an	  apparent	  area	  of	  1.45±0.08	  µm2	  (p<0.05)	  (Fig.	  2.1	  B).	  
To	  better	  understand	  how	  nidogen	  affects	  NMJs,	  we	  conducted	  a	  screen	   for	  
genetic	   modifiers	   of	   the	   nid-­‐1	   phenotype	   (see	   materials	   and	   methods).	   We	  
recovered	   ju493,	   which	   appeared	   to	   largely	   suppress	   the	   synaptic	   vesicle	  
accumulation	   defects	   present	   in	  nid-­‐1(cg119)	  animals	   (Fig.	   2.1	   C).	   By	   themselves,	  
the	   ju493	   animals	   were	   uncoordinated	   (Unc),	   and	   also	   displayed	   synaptic	  
morphology	   defects	   (Fig.	   2.1	   D).	  We	  mapped	   the	   allele	   to	   the	   left	   arm	   of	   linkage	  
group	  X,	  and	  found	  ju493	  failed	  to	  complement	  unc-­‐2(e55),	  a	  strong	  LOF	  allele	  [17].	  
By	   PCR	   amplification	   and	   sequence	   analysis,	   we	   found	   that	   ju493	   animals	   had	   a	  
large	   deletion	  within	   the	  unc-­‐2	   coding	   region,	   suggesting	   that	   it	   is	   likely	   a	   strong	  
LOF	   allele	   (Fig.	   2.1	   K).	   unc-­‐2	   is	   one	   of	   three	   C.	   elegans	   genes	   encoding	   VGCC	   α1	  
subunits.	  We	  tested	  LOF	  alleles	  in	  the	  other	  two	  VGCC,	  egl-­‐19	  and	  cca-­‐1,	  and	  did	  not	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observe	   any	   suppression	   of	   nid-­‐1	  defects	   (Sup.	   Fig.	   2.1),	   indicating	   the	   observed	  
effect	  is	  specific	  to	  unc-­‐2.	  	  
We	  further	  characterized	  the	  effect	  of	  unc-­‐2	  LOF	  using	  the	  e55	  allele,	  which	  
causes	  a	  premature	  stop	  codon	  in	  exon	  9	  (Fig.	  2.1	  K).	  Presynaptic	  domains	  of	  unc-­‐
2(e55)	  mutants	  had	  smooth	  and	  oval-­‐shaped	  SNB-­‐1::GFP	  puncta,	  but	  the	  area	  of	  the	  
puncta	  was	  significantly	  increased	  over	  wt	  by	  ~20%	  (1.04±0.07	  µm2,	  p<0.05)	  (Fig.	  
2.1	   E).	   We	   also	   found	   that	   the	   total	   number	   of	   presynaptic	   clusters	   was	   slightly	  
reduced	   in	   unc-­‐2(e55)	  mutants	   (wt	   25.6±0.2	   puncta/100	   µm	   vs.	   unc-­‐2	   22.8±0.7	  
puncta/100	   µm	   (p<0.05)).	   Like	   ju493,	   the	   e55	   mutation	   suppressed	   vesicle-­‐
accumulation	  defects	  found	  in	  nid-­‐1(cg119)	  (Fig.	  2.1	  F).	  Puncta	  formed	  in	  nid-­‐1;unc-­‐
2	   double	  mutants	   had	   an	   average	   area	   of	   1.15±0.10	  µm2	   (p<0.05	   vs.	  nid-­‐1	  or	  wt;	  
p>0.05	  vs.	  unc-­‐2),	  and	  appeared	  morphologically	  similar	  to	  wt.	  
To	   more	   quantitatively	   assess	   the	   NMJ	   morphology,	   we	   calculated	   the	  
circularity	   of	   the	   SNB-­‐1::GFP	   fluorescent	   puncta	   (Fig.	   2.1	   J)	   (see	   materials	   and	  
methods).	  Wild-­‐type	  SNB-­‐1::GFP	  puncta	  are	  ovoid,	  and	  have	  an	  average	  circularity	  
of	   0.70±0.01.	   By	   comparison,	   in	   unc-­‐2(e55)	   the	   puncta	   varied	   slightly,	   but	  
significantly,	   from	  wt	   (0.66±0.03,	  p<0.05),	  while	   in	  nid-­‐1	  mutants,	   the	  puncta	  were	  
more	   elongated	   and	   less	   circular	   (0.60±0.01,	   p<0.05).	   The	   nid-­‐1;unc-­‐2	   double	  
mutants	  were	  like	  wt	  (0.74±0.02,	  p<0.05	  vs.	  nid-­‐1	  or	  unc-­‐2;	  p>0.05	  vs.	  wt),	  indicating	  
that	   the	   elongated	   morphology	   in	   nid-­‐1	   was	   ameliorated	   by	   removing	   unc-­‐2	  
function.	  
UNC-­‐2	   is	   the	   single	  Cav2-­‐like	  VGCC	  α1	   subunit	   present	   in	  C.	  elegans,	  and	   is	  
localized	  to	  the	  presynaptic	  active	  zone	  [20].	  At	  synapses	  UNC-­‐2	  regulates	  calcium	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ion	   entry	   that	   facilitates	   synaptic	   vesicle	   exocytosis	   [60].	   It	   is	   the	   reduced	   neural	  
transmission	   from	   motor	   neurons	   to	   muscles	   that	   likely	   results	   in	   the	   reduced	  
locomotor	  activity	  and	   the	  Unc	  phenotype.	  To	  address	   that	   the	  suppression	  of	   the	  
nid-­‐1	  presynaptic	  defects	  was	  not	  the	  result	  of	  reduced	  exocytosis	  and/or	  locomotor	  
activity,	  we	  tested	  a	  LOF	  mutation	  in	  unc-­‐13,	  which	  plays	  essential	  roles	  in	  synaptic	  
transmission	  and	  also	  regulates	  the	  sub-­‐synaptic	  accumulation	  of	  synaptic	  vesicles	  
[60,	   61].	   	   unc-­‐13(s69)	   null	   mutants	   are	   also	   Unc,	   but	   have	   a	   more	   severe	   loss	   of	  
locomotor	   activity	   than	   unc-­‐2.	   In	   unc-­‐13(s69),	   puncta	   were	   slightly,	   but	   not	  
significantly,	  enlarged	  (0.95±0.07 µm2,	  p>0.05	  vs.	  wt)	   (Fig.	  2.1	  G),	  and	  there	  was	  a	  
significant	  reduction	  in	  the	  number	  of	  puncta	  formed	  (18.7±1.5/100 µm	  (p<0.05	  vs.	  
wt).	   In	  nid-­‐1(cg119);unc-­‐13(s69)	   double	  mutants,	   presynaptic	   domains	  were	  nid-­‐1	  
like,	   elongated	   and	   disorganized	   (1.29±0.10	   µm2,	   p>0.05	   vs.	   nid-­‐1	  and	   p<0.05	   vs.	  
unc-­‐13)	   (Fig.	   2.1	  H).	  This	   result	   suggests	   that	   the	   suppression	  of	  nid-­‐1	  by	  unc-­‐2	   is	  
unlikely	  to	  be	  the	  result	  of	  impaired	  exocytosis	  or	  reduced	  locomotion.	  
We	   identified	   unc-­‐2	   as	   a	   regulator	   of	   presynaptic	   development	   because	   it	  
largely	   suppressed	   the	  morphological	   defects	   present	   in	  nid-­‐1	  LOF	   animals.	   Cav2-­‐
like	   channels	   are	   known	   to	   affect	   synaptic	   development	   [15,	   59],	   including	   by	  
linking	  synapses	  to	  the	  ECM	  [62,	  63].	  In	  Drosophila	  mutations	  in	  cacophony,	  a	  Cav2	  
α1	   voltage-­‐gated	   calcium	   channel	   subunit,	   result	   in	   fewer	   NMJs	   being	   formed,	  
although	   loss	   of	   syntaxin	   or	   synaptobrevin	   showed	   normal	   synapses,	   arguing	   the	  
loss	   of	   the	   calcium	   channel	   had	   an	   effect	   on	   synapses	   distinct	   from	   its	   role	   in	  
exocytosis	   [15].	   We	   find	   that	   although	   unc-­‐13	  mutants	   have	   fewer	   presynaptic	  
domains,	   this	  effect	  was	   insufficient	   to	   suppress	   the	  morphological	  defects	   caused	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by	  the	  loss	  of	  nid-­‐1.	  It	  has	  also	  been	  shown	  that	  GABA,	  the	  neurotransmitter	  used	  by	  
the	  neurons	  examined	  here,	  is	  not	  required	  for	  NMJ	  formation	  [36,	  40].	  From	  these	  
results	   we	   conclude	   that	   UNC-­‐2	   regulates	   presynaptic	   development	   in	   C.	   elegans	  
independently	   from	   neurotransmission,	   and	   the	   phenotype	   caused	   by	   the	   loss	   of	  
NID-­‐1	  at	  synapses	  requires	  functional	  UNC-­‐2.	  
	  
Presynaptic	  domains	  exhibit	  developmentally	  dynamic	  morphologies	  
C.	   elegans	   development	   consists	   of	   four	   larval	   stages,	   ultimately	   leading	   to	  
~5-­‐10-­‐fold	  increase	  in	  organism	  length.	  Since	  no	  new	  GABAergic	  motor	  neurons	  are	  
added	   after	   the	   first	   larval	   stage,	   axons	   of	   these	   neurons,	   to	   accommodate	   the	  
increase	   in	  body	  size,	  must	  grow	  and	  add	  synapses	  accordingly.	  Since	  all	  previous	  
observations	  were	  made	  in	  yAd	  animals,	  we	  examined	  synaptic	  puncta	  of	  wt	  animals	  
in	  the	  early,	  mid	  and	  late	  L4	  stages,	  using	  the	  maturation	  of	  the	  vulva	  as	  a	  guide	  for	  
the	   developmental	   stage	   (Lints,	   in	  WormAtlas	   2009).	   In	   the	   early	   L4	   stage,	   SNB-­‐
1::GFP	  puncta	  in	  GABAergic	  neurons	  appeared	  of	  normal	  size	  (0.79±0.05 µm2)	  (Fig.	  
2.2	  A).	  The	  average	  area	  of	  the	  puncta	  noticeably	  increased	  starting	  during	  the	  mid-­‐
L4	   stage	   (0.87±0.08 µm2)	   and	   through	   the	   late-­‐L4	   stage	   (1.27±0.08 µm2),	   and	   the	  
puncta	   shapes	   were	   frequently	   found	   to	   be	   elongated,	   often	   with	   a	   disorganized	  
perimeter	   (Fig.	   2.2	   B,	   C).	   Elongated,	   disorganized	   puncta	   were	   infrequently	  
observed	   in	   yAd	   stage	   animals	   (0.81±0.01	  µm2)	   (Fig.	   2.2	  D),	   indicating	   that	   in	  wt,	  
presynaptic	  domains	  have	  developmentally	  dynamic	  morphologies.	  
unc-­‐2	  mutants	   displayed	   fewer	   presynaptic	   domains	   than	  wt	   animals	   (Fig	  
2.1).	  We	  wondered	  if	  this	  was	  an	  effect	  of	  the	  failure	  to	  establish	  synaptic	  domains	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during	  development	  or	  the	  deterioration	  of	  existing	  connections.	  We	  found	  that	  the	  
puncta	  in	  early	  (0.90±0.05 µm2)	  and	  mid	  L4	  (0.79±0.04 µm2)	  were	  evenly	  sized	  and	  
regularly	   shaped	   (Fig.	   2.2	   E,	   F).	   However,	   in	   late	   L4	  unc-­‐2(e55)	   animals,	   enlarged	  
puncta	  were	  observed,	  although	  to	  a	  lesser	  degree	  than	  wt	  (1.07±0.06 µm2),	  but	  did	  
not	   appear	   disorganized.	   Similarly	   sized	   puncta	   were	   observed	   in	   young	   unc-­‐2	  
adults	  (1.04±0.07	  µm2)	  (Fig.	  2.2	  H).	  
To	   assess	   the	   frequency	   of	   enlarged	  puncta	   relative	   to	   the	   total	   number	   of	  
presynaptic	   domains	   observed,	   we	   binned	   individual	   puncta	   measured	   into	  
categories,	  based	  on	  measured	  area	  (Fig.	  2.3).	  During	  the	  late	  L4	  stage,	  ~35%	  of	  the	  
puncta	  in	  wt	  animals	  appeared	  enlarged,	  with	  an	  area	  greater	  than	  1.4	  µm2	  (~nid-­‐1-­‐
like),	  compared	  to	  yAds,	  where	  <15%	  of	  puncta	  fit	  into	  that	  category.	  The	  increased	  
number	  of	  enlarged	  puncta	  came	  at	  the	  expense	  of	  normal-­‐sized	  puncta,	  suggesting	  
a	  natural	  size	  change	  occurs	  during	  this	  period.	  By	  comparison,	  there	  was	  no	  change	  
in	  the	  proportion	  of	  the	  population	  (26%)	  of	  puncta	  that	  measured	  larger	  than	  1.4	  
µm2	  in	  unc-­‐2(e55)	  when	  we	  compared	  late	  L4s	  to	  yAds	  (Fig.	  2.3).	  
To	   investigate	  more	  precisely	   the	  dynamic	   changes	   in	   synapse	  morphology	  
during	  the	  late-­‐L4	  stage,	  we	  performed	  time-­‐lapse	  confocal	  microscopy	  on	  live,	  non-­‐
anesthetized	   animals	   (see	   materials	   and	   methods).	   In	   wt	   animals,	   we	   saw	   the	  
following	   dynamic	   behaviors:	   	   SNB-­‐1::GFP	   puncta	   forming	   de	   novo,	   puncta	   that	  
disappeared,	  puncta	  that	  changed	  shape	  by	  increasing	  and	  decreasing	  in	  size,	  and	  at	  
a	  low	  frequency,	  an	  existing	  punctum	  divided	  such	  that	  two	  puncta	  were	  generated	  
(Fig.	  2.4	  A-­‐C).	  Overall,	  per	  segment	  of	   the	  nerve	  cord	  examined	  (~150-­‐200	  µm),	  a	  
net	  increase	  of	  1	  puncta/hour	  in	  wt	  animals	  was	  observed.	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By	  contrast	  in	  unc-­‐2(e55)	  animals	  we	  found	  little	  evidence	  of	  dynamic	  shape	  
changes.	  Puncta	   still	   formed	  de	  novo,	   and	  puncta	  did	  enlarge,	  but	   rarely	  did	   those	  
enlarged	   puncta	   shrink	   or	   divide	   (Fig.	   2.4	   D-­‐F)	   as	   was	   seen	   in	   wt.	   Overall,	   per	  
segment	  of	  the	  nerve	  cord	  examined	  unc-­‐2	  mutants	  displayed	  a	  net	  loss	  of	  ~3	  NMJ	  
puncta/hour	   under	   our	   time-­‐lapse	   protocol.	   It	   is	   not	   clear	   whether	   these	   were	  
budding	  events	  that	  initiated	  and	  failed,	  or	  were	  delayed.	  The	  decreased	  number	  of	  
puncta	  seen	  by	  GFP	  imaging	  may	  be	  due	  to	  a	  failure	  in	  unc-­‐2	  animals	  to	  add	  and/or	  
maintain	   synapses	   during	   development.	   Alternatively,	   our	   observations	   are	   also	  
consistent	   with	   a	   significant	   delay	   in	   synaptic	   development,	   although	   not	   a	   total	  
failure	   of	   synaptic	   addition.	   Due	   to	   the	   presence	   of	   de	   novo	   appearance	   of	   SNB-­‐
1::GFP	   puncta	   in	   unc-­‐2(e55)	   mutants	   during	   the	   time-­‐lapse	   imaging,	   we	   infer	   the	  
observed	  synaptic	  dynamics	  likely	  relies	  on	  UNC-­‐2	  function	  after,	  not	  during,	  initial	  
NMJ	  formation.	  Further,	  preliminary	  analyses	   indicate	  that	  synapses	  formed	  in	  the	  
L3	  stage	  of	  unc-­‐2	  animals	  can	  also	  be	  enlarged,	  indicate	  the	  function	  of	  UNC-­‐2	  is	  not	  
confined	  to	  the	  L4	  developmental	  stage.	  
	  
unc-­‐36	  genetically	  interacts	  with	  unc-­‐2	  to	  regulate	  NMJ	  morphology	  
Mutations	   in	  unc-­‐36,	  one	  of	   two	  VGCC	  α2/δ	   subunit	   genes	   in	   the	  C.	  elegans	  
genome,	  often	  phenocopy	  unc-­‐2	  [20,	  64,	  65],	  so	  we	  tested	  if	  unc-­‐36	  was	  required	  for	  
normal	   synaptic	  morphology.	   Similar	   to	  unc-­‐2,	  unc-­‐36(e251)	  caused	  an	   increase	   in	  
SNB-­‐1::GFP	  area	  in	  yAd	  animals	  (1.10±0.07	  µm2)	  (p<0.05)	  (Fig.	  2.5	  A).	  A	  slight,	  but	  
not	  significant,	  decrease	   in	  puncta	  number	  (23.1±1.5)	  (p>0.05)	  was	  also	  observed.	  
unc-­‐36(e251);nid-­‐1(cg119)	   double	   mutants	   appeared	   like	   unc-­‐36	   synapses	   alone,	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with	   an	   apparent	   area	   of	   1.11±0.07	   µm2	   (p<0.05	   compared	   to	   nid-­‐1(cg119)	   and	  
p>0.05	   vs.	   unc-­‐36(e251))	   (Fig.	   2.5	   B).	   Double	   mutants	   of	   unc-­‐2	   and	   unc-­‐36	   had	  
puncta	  that	  resembled	  each	  of	  the	  single	  mutants	  (1.08±0.05	  µm2,	  p>0.05	  vs.	  unc-­‐2	  
or	  unc-­‐36	  alone)	   (Fig.	   2.5	   C).	  unc-­‐2(e55);unc-­‐36(e251);nid-­‐1(cg119)	   triple	  mutants	  
displayed	  no	  significant	  differences	  from	  either	  of	  the	  double	  mutant	  combinations	  
(1.15±0.06	  µm2,	  p>0.05	  vs.	  unc-­‐2;nid-­‐1	  or	  unc-­‐36;nid-­‐1)	  (Fig.	  2.5	  D).	  unc-­‐36	  was	  also	  
able	   to	   suppress	   ptp-­‐3A	   defects	   (1.50±0.09	   µm2	   (p<0.05)	   vs.	   unc-­‐36(e251);ptp-­‐
3A(ok244)	  =	  0.80±0.10	  µm2	  (p<0.05))	  (Fig.	  2.5	  E,	  F).	  From	  these	  data,	  we	  concluded	  
unc-­‐2	  and	  unc-­‐36	  likely	  function	  in	  a	  linear	  genetic	  pathway	  to	  interact	  with	  ptp-­‐3A	  
and	  nid-­‐1	  in	  synapse	  development.	  	  
We	   also	   tested	   the	   second	   C.	   elegans	   α2/δ	   subunit-­‐encoding	   gene,	  
T24F1.6/tag-­‐180	   [66].	  A	  LOF	  allele,	  ok779,	  exhibited	  a	  minor	  effect	  on	  SNB-­‐1::GFP	  
area	   (0.73±0.03	  µm2	   (p<0.05))	   (Sup.	   Fig.	   2.1),	   and	   number	   (28.8	   puncta/100	  µm	  
(p>0.05))	  in	  yAd	  animals.	  tag-­‐180	  (ok779);nid-­‐1(cg119)	  double	  mutants	  were	  more	  
like	  nid-­‐1(cg119)	  than	  the	  ok779	  (1.65±0.12	  µm2,	  p<0.05	  vs.	  nid-­‐1	  alone),	  indicating	  
the	  suppression	  of	  nid-­‐1	  defects	  is	  specific	  to	  unc-­‐36.	  Double	  mutants	  of	  ok779	  with	  
unc-­‐2	   (1.02	   µm2,	   p>0.05	   vs.	   unc-­‐2	   alone)	   or	   unc-­‐36	   (1.14	   µm2,	   p>0.05	   vs.	   unc-­‐36	  
alone)	   similarly	   showed	   no	   significant	   change	   from	   the	   unc-­‐2	   or	   unc-­‐36	   single	  
mutants.	  
Next	  we	  addressed	  whether	  the	  role	  of	  unc-­‐36	  is	  cell	  autonomous.	  We	  were	  
able	  to	  rescue	  the	  Unc	  (not	  shown)	  and	  Syd	  (Fig.	  2.5	  G)	  defects	  in	  unc-­‐36(e251)	  by	  
reintroducing	   a	   wild-­‐type	   copy	   of	   UNC-­‐36	   under	   the	   control	   of	   the	   endogenous	  
promoter	  (N=4	  lines)	  (puncta	  area	  –	  0.84±0.03,	  p<0.05	  vs.	  unc-­‐36(e251)).	  The	  unc-­‐
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36	   promoter	   is	   broadly	   active	   in	   the	   animal,	   including	   the	   muscles	   and	   nervous	  
system	   [20,	   66,	   67].	   To	   determine	   whether	   unc-­‐36	   could	   be	   functioning	   cell	  
autonomously,	  we	  specifically	   expressed	  UNC-­‐36	   in	   the	  GABAergic	  motor	  neurons	  
in	  unc-­‐36(e251);juIs1	  animals.	  As	  expected,	  the	  locomotor	  defects	  were	  not	  rescued,	  
but	   the	   size	   of	   the	   presynaptic	   puncta	   in	   these	   animals	  was	   significantly	   reduced	  
relative	   to	  unc-­‐36(e251)	   animals	   lacking	   the	   transgene	   (0.69±0.05,	  p<0.05	  vs.	  unc-­‐
36(e251))	   (Fig.	   2.5	   H)	   (N=	   1	   line),	   indicating	   that	   unc-­‐36	   is	   capable	   of	   cell	  
autonomously	  affecting	  the	  GABAergic	  NMJs.	  	  
α2/δ	  subunits	  have	  been	  implicated	  in	  synapse	  formation	  and	  development	  
[22-­‐24].	   In	   the	   vertebrate	   central	   nervous	   system	   (CNS),	   thrombospondin	   (TSP)	  
molecules	   act	   as	   ligands	   for	  α2/δ1.	   Overexpression	   of	  α2/δ1	   results	   in	   increased	  
synaptogenesis,	   while	   interfering	   with	   the	   TSP-­‐α2/δ1	   interaction	   inhibited	  
synaptogenesis.	   The	   C-­‐terminal	   region	   of	   TSP,	   that	   contains	   EGF	   repeats,	   binds	  
directly	  to	  the	  von	  Willebrand	  factor-­‐A	  domain	  (VWF-­‐A)	  present	  in	  the	  α2	  portion	  of	  
the	  α2/δ1	  protein	   [24].	  Since	  NID-­‐1	  contains	  EGF	  repeats	  and	   localizes	  near	  NMJs	  
[42,	  68],	  and	  UNC-­‐36	  has	  a	  VWF-­‐A	  domain,	  it	  is	  possible	  that	  NID-­‐1	  might	  physically	  
interact	   with	   UNC-­‐36.	   However,	   at	   GABAergic	   NMJs,	   the	   loss	   of	   nid-­‐1	   causes	  
morphological	  defects	  that	  are	  suppressed	  by	  removing	  unc-­‐36.	  Also,	  LOF	  in	  unc-­‐36	  
has	  a	  very	  modest	  reduction	  in	  synapses	  formed.	  Thus,	  it	  seems	  unlikely	  that	  NID-­‐1	  
acts	  as	  a	  ligand	  for	  UNC-­‐36	  to	  promote	  synapse	  addition.	  
There	   is	   evidence	   from	  Drosophila	   that	  α2/δ	   subunits	   can	   have	   effects	   on	  
synaptic	   development	   independent	   from	   the	  α1	   subunits	   [23].	  However,	   our	   data	  
suggest	  unc-­‐36	  and	  unc-­‐2	  are	   acting	   in	   the	   same	   genetic	   pathway.	  Work	   from	   the	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Bargmann	   lab	   has	   demonstrated	   that	   UNC-­‐36,	   along	   with	   the	   calcium	   channel	  
chaperone	  CALF-­‐1,	  are	  required	  for	  the	  localization	  of	  UNC-­‐2	  to	  the	  synaptic	  plasma	  
membrane	   [20].	   Thus,	   a	   simple	   explanation	   for	   the	   synaptic	   patterning	   defects	  
would	   be	   a	   failure	   to	   direct	   UNC-­‐2	   to	   the	   synaptic	   plasma	   membrane	   in	   unc-­‐
36(e251)	  mutants.	   In	   this	   model,	   we	   would	   assume	   that	   UNC-­‐2	   is	   the	   key	   player	  
required	   to	   drive	   changes	   in	   synaptic	   development,	   although	   we	   cannot	   rule	   out	  
UNC-­‐36	  may	  have	  additional	  functions	  at	  NMJs.	  
	  
unc-­‐36	  function	  is	  required	  during	  the	  L4	  period	  for	  synaptic	  development	  
Next,	   to	   address	   the	   temporal	   requirement	   of	   VGCC,	   we	   used	   the	   α2/δ-­‐
antagonist	  Gabapentin	  [69]	  to	  acutely	   inhibit	  VGCC	  function	  specifically	  during	  the	  
L4	   stage	   of	   development.	   In	   cultured	   vertebrate	   neurons	   Gabapentin	   inhibits	   the	  
trafficking	   of	   α2/δ	   subunits	   from	   the	   endoplasmic	   reticulum	   to	   the	   plasma	  
membrane	  [70].	  wt	  early	  L4	  animals	  were	  exposed	  to	  Gabapentin	  (100	  µM)	  for	  24	  
hours.	  When	  imaged	  as	  yAds,	  these	  animals	  had	  a	  significant	  increase	  in	  SNB-­‐1::GFP	  
area	  (1.00±0.06	  µm2,	  p<0.05	  vs.	  vehicle	  alone	  -­‐	  0.83±0.06)	  (Fig.	  2.5	  I).	  This	  suggests	  
that	  Gabapentin	  is	  phenocopying	  unc-­‐36	  LOF,	  although	  since	  presynaptic	  domains	  in	  
double	  mutants	  of	  unc-­‐36	  with	  tag-­‐180	  resembled	  those	  found	  in	  unc-­‐36	  alone,	  we	  
cannot	  rule	  out	  that	  Gabapentin	  was	  broadly	  affecting	  α2/δ	  function.	  
Gabapentin	   treatment	   of	   nid-­‐1(cg119)	   mutant	   L4	   animals,	   resulted	   in	   a	  
significant	   decrease	   in	   the	   SNB-­‐1::GFP	   area	   (0.96±0.05,	   p<0.05	   vs.	   nid-­‐1	   alone),	  
indicating	   that	   acute	  Gabapentin	   treatment	   of	  nid-­‐1(cg119)	  animals	   during	   the	   L4	  
stage	   was	   able	   to,	   at	   least	   partially,	   suppress	   presynaptic	   defects	   (Fig.	   2.5	   J).	  We	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conclude	   from	   our	   analysis	   that	   the	   synaptic	   patterning	   that	   occurs	   in	   late-­‐L4	  
animals	  requires	  intact	  α2/δ	  function	  during	  that	  period,	  rather	  than	  being	  fixed	  in	  
an	   earlier	   developmental	   event.	   nid-­‐1	   mutants	   have	   defective	   presynaptic	  
morphologies	  prior	  to	  L4,	  and	  these	  appear	  to	  be	  ameliorated	  by	  LOF	  in	  unc-­‐2.	  Thus,	  
we	  do	  not	  rule	  out	  a	   function	  for	  VGCCs	  prior	  to	  L4,	  and	  this	  result	  would	  suggest	  
that	  synaptic	  morphologies	  are	  broadly	  dynamic	  during	  L4	  development.	  
	  
CaMKII	  regulates	  synaptic	  morphology	  	  
To	   identify	   molecules	   that	   might	   utilize	   changes	   in	   local	   calcium	  
concentrations	   to	  shape	  presynaptic	  domains,	  we	  undertook	  a	  candidate-­‐molecule	  
approach.	   The	   first	   gene	   we	   examined	   was	   unc-­‐43/CaMKII.	   CaMKII	   has	   been	  
extensively	  linked	  to	  both	  pre-­‐	  and	  postsynaptic	  development	  in	  multiple	  organisms	  
(for	   review	   see	   [71,	   72]).	   UNC-­‐43	  has	   been	   shown	   to	  work	   downstream	  of	  unc-­‐2,	  
and	  UNC-­‐43	  localization	  is	  dependent	  on	  UNC-­‐2.	  CaMKII	  proteins	  have	  been	  shown	  
to	  affect	  synapse	  development	  in	  multiple	  systems,	  including	  C.	  elegans	  where	  UNC-­‐
43	   functions	   in	   the	   synaptic	   development	   of	   the	   glutamatergic	   neurons	   [73-­‐75].	  
Because	   the	   complete	   loss	   of	  unc-­‐43	   is	   embryonic	   lethal,	  we	   used	   a	   hypomorphic	  
LOF	   allele,	   e408.	   e408	   yAd	   animals	   have	   slightly	   enlarged	   SNB-­‐1::GFP	   (Fig.	   2.6	   A)	  
(1.03±0.08	   µm2,	   p<0.05	   vs.	   wt).	   Thus,	   reduced	   UNC-­‐43	   function	   has	   a	   similar	  
manifestation	  at	  synapses	  as	  the	  loss	  of	  UNC-­‐2	  and	  UNC-­‐36.	  
LOF	  in	  unc-­‐2	  or	  unc-­‐36,	  the	  unc-­‐43(e408)	  LOF	  suppressed	  defects	  present	  in	  
nid-­‐1	  (Fig.	  2.6	  B)	  (1.06±0.07	  µm2,	  p<0.05	  vs.	  nid-­‐1)	  and	  ptp-­‐3A	  yAds	  (ptp-­‐3A(ok244)	  
(1.03±0.12	   µm2,	   p<0.05	   vs.	   ptp-­‐3A(ok244)	   (1.42±0.09	   µm2)).	   In	   contrast,	   unc-­‐
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43(n498)	  GOF	  [76],	  bearing	  a	  constitutively	  activating	  mutation,	  E109K,	  in	  the	  active	  
site	   core	   (numbering	   based	   on	   [74]),	   SNB-­‐1::GFP	   puncta	   were	   elongated	   and	  
disorganized	  in	  yAds	  (1.26±0.11	  µm2,	  p<0.05	  vs.	  wt)	  (Fig.	  2.6	  C),	  and	  similar	  to	  nid-­‐1	  
(p>0.05	  vs.	  nid-­‐1).	  
We	   next	   examined	   whether	   unc-­‐43	  was	   functioning	   cell	   autonomously	   by	  
expressing	   an	   mCherry-­‐tagged	   unc-­‐43	   cDNA,	   under	   the	   control	   of	   the	   unc-­‐25	  
promoter,	   in	   the	   unc-­‐43(e408);juIs1	  animals.	   Replacing	   UNC-­‐43	   specifically	   in	   the	  
GABAergic	  neurons	  rescued	  the	  defects	  in	  e408,	  (0.83±0.05	  µm2,	  (N=6	  lines)	  p>0.05	  
vs.	  wt	  and	  p<0.05	  vs.	  e408).	  The	  RFP::UNC-­‐43	  chimera	  was	  localized	  throughout	  the	  
cytoplasm,	  including	  being	  present	  at	  synapses,	  as	  evidenced	  by	  co-­‐localization	  with	  
the	   SNB-­‐1::GFP	   (Fig.	   2.6	   D-­‐G).	   The	   localization	   of	   UNC-­‐43	   suggests	   it	   could	   be	  
directly	  functioning	  at	  NMJs	  to	  locally	  affect	  morphology.	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Section	  2.4	  Discussion	  
VGCCs	  contribute	  to	  synaptic	  development	  in	  C.	  elegans	  
Here	  we	  show	  that	  mutations	   in	   the	  single	  Cav2,	  unc-­‐2,	   result	   in	  changes	   to	  
the	  number,	  size	  and	  shape	  of	  presynaptic	  domains	  that	  form	  during	  development.	  
The	  overall	  reduction	  in	  the	  number	  of	  synapses	  formed	  in	  unc-­‐2	  mutants	  is	  modest,	  
suggesting	   that	   the	   primary	   role	   of	   VGCCs	   is	   not	   to	   promote	   de	   novo	   synapse	  
addition.	  Rather,	  UNC-­‐2	  function	  is	  most	  evident	  in	  the	  maintenance	  of	  presynaptic	  
domain	  morphology,	   as	  unc-­‐2	  mutants	   display	   areas	   that	   are	   enlarged	   relative	   to	  
wild	  type.	  
The	  function	  of	  unc-­‐2	  in	  regulating	  presynaptic	  morphology	  is	  also	  observed	  
when	   the	  synaptically	  associated	  adhesion	  molecules	  NID-­‐1	  or	  PTP-­‐3A	  are	  absent.	  
Removing	  UNC-­‐2	  from	  nid-­‐1	  or	  ptp-­‐3	  loss-­‐of-­‐function	  backgrounds	  ameliorates	  the	  
mislocalization	  of	  presynaptic	  proteins	  and	  synaptic	  overgrowth	   in	   those	  mutants.	  
This	   indicates	   that	   the	   morphological	   changes	   associated	   with	   the	   loss	   of	   NID-­‐1-­‐
mediated	   adhesion	   require	   functional	   UNC-­‐2,	   but	   independent	   of	   synaptic	   vesicle	  
exocytosis.	  
	  
Regulation	  of	  adhesion	  and	  growth	  at	  synapses	  
Synapses	   are	  dynamic	   structures	   that	   can	  be	   added	  or	   removed,	   or	   change	  
shape	   to	   accommodate	   functional	   changes	   in	   neural	   networks	   and/or	   organismal	  
growth.	   In	  Drosophila,	   transient	   changes	   in	  adhesion	  have	  been	  shown	  directly	   to	  
permit	   switching	   between	   synaptic	   stability	   and	   synaptic	   growth	   [52,	   77-­‐81].	  
Molecularly,	   both	   Fas2	   and	  discs	   large	   (DLG)	   appear	   to	   be	   important	   for	   synaptic	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stability.	  Down	   regulation	   of	   Fas2-­‐mediated	   adhesion	   by	   activation	   of	   CaMKII	   has	  
been	  shown	  to	  specifically	  induce	  synaptic	  growth	  [79-­‐81].	  	  
DLAR,	  the	  Drosophila	  PTP-­‐3	  homolog,	  has	  also	  been	  shown	  to	  complex	  with	  
different	   ligands	   to	  switch	  between	  synaptic	  stability	  and	  synaptic	  growth	  [78].	   In	  
vertebrates,	   cell	   adhesion	   molecules	   like	   laminins	   and	   nidogens	   are	   required	   for	  
NMJ	  maintenance.	  In	  cultured	  vertebrate	  neurons,	  regulation	  of	  liprin-­‐α,	  via	  CaMKII,	  
has	   been	   shown	   to	   regulate	   LAR	   to	   affect	   dendritic	   spine	   stability	   at	   excitatory	  
synapses	  [79].	  Overall,	  these	  findings	  suggest	  that	  changes	  in	  synaptic	  morphology	  
that	   occur	   normally	   in	   development	   require	  modulation	   of	   the	   synaptic	   adhesion	  
that	  maintains	  synaptic	  structure.	  
Using	   time-­‐lapse	   analysis	   we	   find	   that,	   in	   C.	   elegans,	   during	   a	   specific	  
developmental	   window,	   presynaptic	   domains	   in	   wild-­‐type	   animals	   can	   be	  
morphologically	   similar	   to	   those	   found	   in	  nid-­‐1/ptp-­‐3A	  mutant	  adults.	  Further,	  we	  
observed	   that	   a	   nid-­‐1-­‐like	   elongated	   punctum	   could	   divide	   to	   form	  multiple	   new	  
puncta.	   These	   dynamics,	   both	   elongation	   and	   division,	   were	   dependent	   on	   unc-­‐2.	  
Based	  on	  our	  results	  and	  data	  from	  other	  systems,	  a	  simple	  model	  is	  that	  nidogen-­‐
LAR	  adhesion	  maintains	  NMJ	  structure,	  and	  that	  developmental	  changes	  in	  synaptic	  
morphology	   require	   transient	   inhibition	   of	   nidogen-­‐LAR	   adhesion,	   and	   that	   this	  
occurs	  via	  a	  pathway	  that	  includes	  UNC-­‐2,	  UNC-­‐36	  and	  UNC-­‐43.	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Cooperative	   vs.	   antagonistic	   interactions	   between	   the	   ECM	   and	   VGCCs	   in	  
synaptic	  maintenance	  
Previous	  work	  has	  shown	  that	  the	  ECM	  and	  the	  VGCCs	  work	  cooperatively	  to	  
stimulate	   synapse	   development	   [24,	   59,	   63].	   For	   example,	   the	   synaptically	  
associated	  laminin	  β2	  subunit	  can	  directly	  bind	  to	  an	  extracellular	  loop	  in	  the	  VGCC	  
α1	   polypeptide.	   In	   cultured	   neurons,	   this	   interaction	   induces	   the	   clustering	   of	  
synaptic	  vesicles	  at	  the	  binding	  site.	  However,	  neither	  the	  genetic	  ablation	  of	  either	  
Cav2.1	  or	  laminin	  β2,	  nor	  disrupting	  the	  binding	  of	  these	  proteins	  in	  vivo	  results	  in	  a	  
total	   failure	   in	  synapse	   formation	  [59].	  Rather,	  a	  defect	   in	  synaptic	  growth	  and/or	  
maintenance	   was	   observed	   in	   those	   animals.	   Similarly,	   NMJs	   in	   mice	   lacking	  
nidogen-­‐2	  do	  form	  normally,	  but	  fail	  to	  develop,	  beginning	  to	  fragment	  around	  three	  
weeks	  after	  birth,	   suggesting	  a	  role	   in	  synaptic	  maintenance	   for	  nidogen-­‐2	  as	  well	  
[82],	   although	   no	   interaction	   has	   been	   described	   between	   nidogen	   and	   VGCCs	   in	  
vertebrates.	  	  
We	   have	   found	   that	   nidogen	   is	   required	   for	   synaptic	   maintenance,	   which	  
suggests	   a	   conservation	   of	   function	   for	   this	   ECM	  molecule.	   However,	   we	   also	   see	  
that	  the	  defects	  observed	  in	  nid-­‐1	  mutants	  require	  functional	  UNC-­‐2	  VGCCs.	  Thus,	  in	  
contrast	  to	  the	  apparent	  cooperative	  interaction	  observed	  in	  vertebrates,	  our	  study	  
suggests	  perhaps	  an	  antagonistic	  interaction	  between	  VGCCs	  and	  ECMs	  in	  C.	  elegans.	  
It	  is	  possible	  that	  our	  findings	  reflect	  a	  difference	  in	  the	  growth	  of	  vertebrate	  NMJs	  
that	  form	  at	  axon	  terminals	  and	  C.	  elegans	  NMJs	  that	  form	  en	  passant.	  
It	   is	   worth	   noting	   that	   we	   also	   find	   that	   presynaptic	   domains	   in	   unc-­‐2	  
mutants	   are	   slightly	   enlarged,	   compared	   to	   wild-­‐type	   animals.	   This	   may	   seem	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contradictory	   in	   that	   the	   loss	  of	  unc-­‐2	  also	   limits	  synapses	   from	  elongating	  during	  
specific	  periods	  of	  development	  or	  when	  nid-­‐1	   is	  absent.	  A	  simple	  way	  of	   thinking	  
about	  this	  is	  that	  in	  the	  absence	  of	  UNC-­‐2,	  NMJs	  are	  too	  stable,	  unable	  to	  respond	  to	  
signals	  that	  instruct	  them	  to	  enlarge	  or	  shrink.	  This	  would	  be	  a	  novel	  finding	  for	  this	  
class	  of	  VGCCs;	  that	  they	  function	  as	  key	  regulators	  of	  dynamic	  changes	  in	  synaptic	  
morphology.	   Going	   forward	   our	   goal	   will	   be	   to	   identify	   how	   UNC-­‐2	   can	   regulate	  
these	  seemingly	  distinct	  functions	  at	  NMJs.	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Section	  2.5	  Materials	  and	  Methods	  
C.	  elegans	  strains	  
All	  C.	  elegans	   strains	  were	  maintained	  at	  20-­‐22.5	   ºC	   as	  described	   [83].	  The	  
following	   alleles	   were	   used	   in	   this	   report:	   N2	   (var.	   Bristol),	   nid-­‐1(cg119),	   unc-­‐
2(ju493),	   unc-­‐2(e55),	   unc-­‐36(e251),	   tag-­‐180(ok779),	   egl-­‐19(n582),	   cca-­‐1(ad1650),	  
ptp-­‐3A(tm352),	   ptp-­‐3A(ok244),	   ptp-­‐3(mu256),	   unc-­‐43(n498),	   unc-­‐43(e408),	   rpm-­‐
1(ju44),	  unc-­‐13(s69),	   tra-­‐2(q276)/mnC1.	   The	   following	   integrated	   strain	  was	   used:	  
juIs1	   [Punc-­‐25::SNB-­‐1::GFP].	   Transgenic	   animals	   were	   generated	   by	   germ	   line	  
transformation	  as	  described	  [84].	  To	  conduct	  the	  ju493/e55	  non-­‐complementation,	  
tra-­‐2(q276);	  juIs1/+;ju493/+	  XX	  males	  were	  crossed	  to	  unc-­‐2(e55)	  hermaphrodites.	  
Cross	   progeny	   were	   identified	   by	   presence	   of	   GFP	   (juIs1),	   non-­‐complementation	  
was	  determined	  by	  presence	  of	  UncGfp	  animals.	  
	  
Genetic	  Modifier	  Screen	  
nid-­‐1(cg119);rpm-­‐1(ju44);juIs1	   animals	   were	   mutagenized	   using	   50mM	  
ethane	   methyl	   sulfonate	   (EMS).	   F2	   animals	   were	   scored	   for	   a	   hypercontracted	  
uncoordinated	   phenotype	   that	   is	   observed	   in	   syd-­‐2;rpm-­‐1	   double	   mutants.	  
Individual	  HypUnc	  animals	  were	  allowed	   to	   self-­‐fertilize	   to	   insure	   transmission	  of	  
the	  phenotype.	  The	  animals	  were	  outcrossed	  to	  either	  nid-­‐1(cg119)	  or	  rpm-­‐1(ju44)	  
single	   mutant	   backgrounds	   to	   determine	   the	   effect	   of	   new	   mutations.	   (Genetic	  
modifier	  screen	  conducted	  by	  Dr.	  Brian	  Ackley.)	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Image	  Analysis	  
Synapse	   morphology	   of	   D-­‐type	   neurons	   was	   visualized	   by	   juIs1	   [Punc-­‐25	  
SNB-­‐1::GFP].	  All	  images	  were	  collected	  on	  either	  a	  Zeiss	  Pascal	  confocal	  microscope	  
or	   an	   Olympus	   FV1000	   confocal	   microscope	   equipped	   with	   Fluoview	   software.	  
Images	  were	   acquired	   using	  multi-­‐track	   parameters	  when	   necessary	   (unc-­‐36	   and	  
unc-­‐43	   rescue),	  with	   either	   a	  63X	  or	  60X	  Plan-­‐apochromat	  objective,	   respectively.	  
Animals	  were	  anesthetized	  using	  0.5%	  phenoxy-­‐propanol	  (TCI	  America)	  in	  M9	  and	  
mounted	  on	  2%	  agarose	  pads.	  Measurements	  of	  SNB-­‐1::GFP	  were	  as	  described	  with	  
minor	   modifications	   [42].	   All	   images	   were	   collected	   using	   the	   exact	   same	  
microscope	   settings.	   Briefly,	   confocal	   images	   were	   projected	   into	   a	   single	   plane	  
using	   the	   maximum	   projection	   and	   exported	   as	   a	   tiff	   file	   with	   a	   scale	   bar.	   Using	  
ImageJ	  the	  files	  were	  converted	  to	  a	  binary	  image	  using	  the	  threshold	  command,	  so	  
that	   the	   binary	   image	   resembled	   the	   RGB	   image.	   A	   region	   of	   interest	   was	   drawn	  
around	  the	  relevant	  region	  of	  the	  nerve	  cords.	  The	  following	  measurement	  options	  
were	  selected:	  Area,	  Center	  of	  Mass,	  Circularity,	  Perimeter,	  Fit	  Ellipse,	  and	  Limit	  to	  
Threshold.	   Scaling	   was	   set	   by	   measuring	   the	   scale	   bar.	   The	   “Analyze	   Particle”	  
command	   was	   used	   with	   a	   minimum	   of	   four	   pixels	   and	   no	   maximum	   size.	   The	  
following	  options	  were	  selected:	  Outline	  Particles,	   Ignore	  Particles	  Touching	  Edge,	  
Include	   Interior	   Holes	   and	   Reset	   Counter.	   The	   resulting	   measurements	   were	  
exported	   to	   Microsoft	   Excel	   and	   GraphPad	   Prism	   for	   statistical	   analysis.	  
Comparisons	  of	  single	  mutants	  to	  the	  wild-­‐type	  were	  tested	  by	  Students	  two-­‐tailed	  
t-­‐test,	   while	   double	   and	   triple	   mutant	   combinations	   were	   compared	   within	   the	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group	  using	  a	  Kruskal-­‐Wallis	  test	  with	  a	  Dunn’s	  Multiple	  Comparison	  post	  hoc	  test.	  
Circularity	  is	  a	  measure	  of	  how	  close	  to	  a	  perfect	  circle	  an	  object	  is,	  where	  0	  is	  a	  line	  
and	  1	  is	  a	  perfect	  circle.	  The	  test	  relates	  the	  area	  of	  the	  observed	  object	  to	  the	  area	  
of	  a	  circle	  with	  the	  same	  radius	  (formula	  =	  4pi*(area/perimeter^2)).	  
	  
UNC-­‐36	  rescue	  
To	  rescue	  the	  unc-­‐36(e251)	  defect	  we	  generated	  a	  PCR	  product	  including	  the	  
putative	   promoter	   and	   endogenous	   3’UTR	   using	   the	   following	   primers	   (unc-­‐
36promF1:	   5’-­‐ccacgtacatagaattcggaatc-­‐3’	   and	   unc-­‐36	   3’UTR	   R1:	   5’-­‐	  
caaggcagttggaaagtcgac-­‐3’).	  The	   PCR	   product	  was	   TOPO	   cloned	   into	   pCRXLII	   (Life	  
Technologies)	   to	   generate	   pBA234.	   pBA234	   was	   injected	   at	   10	   ng/µl	   into	   unc-­‐
36(e251);juIs1	   animals	   along	   with	   pPD118.33	   (Pmyo-­‐2::gfp)	   as	   a	   co-­‐injection	  
marker,	   plus	   pBA186	   (Punc-­‐25::mCherry)	   to	   mark	   the	   GABAergic	   motor	   neurons	  
containing	  the	  transgene.	  	  
	  
Cell-­‐specific	  rescue	  
A	  genomic	   fragment	  covering	   the	  unc-­‐36	  coding	  region	  was	  amplified	  using	  
the	   following	   primers	   (unc-­‐36promF1:	   5’-­‐ccacgtacatagaattcggaatc-­‐3’	   and	   unc-­‐36	  
3’UTR	  R1:	  5’-­‐	  caaggcagttggaaagtcgac-­‐3’).	  The	  PCR	  product	  was	  T/A	  cloned	  into	  the	  
pCR8/GW/TOPO	   vector	   (Life	   Technologies),	   and	   then	  was	   recombined	   using	   L/R	  
clonase	   (Life	   Technologies)	   into	   pBA153,	   creating	   pEVL404	   (Punc-­‐25::unc-­‐36).	  
(Undergraduate	   Gavin	   Hanson	   made	   this	   construct	   for	   analysis.)	   pEVL404	   was	  
injected	   into	  unc-­‐36(e251);juIs1	  animals	  at	  10	  ng/µl	  along	  with	  pPD118.33	  (Pmyo-­‐
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2::gfp)	  as	  a	  co-­‐injection	  marker.	  For	  unc-­‐43,	  we	  isolated	  a	  full-­‐length	  cDNA	  for	  UNC-­‐
43D	  isoform	  by	  RT-­‐PCR	  from	  wild-­‐type	  RNA	  isolated	  by	  Trizol	  using	  the	  following	  
primers	   (unc-­‐43cDNA	   F1:	   5’-­‐atgatgaacgcaagcacca-­‐3’	   and	   unc-­‐43cDNA	   R1:	   5’-­‐	  
ctagaattcagatactgttgtatttgttg-­‐3’).	   (RNA	   isolation	   done	   by	   Dr.	   Brian	   Ackley.)	   Using	  
the	  InFusion	  (Clontech)	  enzyme	  this	  product	  was	  recombined	  into	  pEVL387	  (Punc-­‐
25::mCherry::unc-­‐43	  3’	  UTR)	  to	  generate	  pEVL400	  (Punc-­‐25::mCherry::unc-­‐43E::unc-­‐
43	  3’UTR).	   The	   pEVL400	   plasmid	  was	   injected	   into	  unc-­‐43(e408);juIs1	  at	   5	   ng/µl.	  
Any	  additional	  information	  about	  sequences	  or	  cloning	  procedures	  is	  available	  upon	  
request.	  
	  
Time-­‐lapse	  analysis	  
L4	   animals	  were	   immobilized	   on	  10%	  agarose	  pads	   in	   the	   presence	   of	   5%	  
(w/v)	   polystyrene	   beads	   (Bangs	   Laboratory).	   Animals	   were	   imaged	   at	   5-­‐minute	  
intervals	   for	   1	   hour.	   Animals	   that	   died	   during	   the	   acquisition	   process	   (as	  
determined	  by	  a	   rapid	  and	  dramatic	   increase	   in	   intestinal	   autofluorescence)	  were	  
excluded	   from	   the	   analysis.	   Images	   were	   then	   exported	   to	   ImageJ.	   Z-­‐stacks	   were	  
produced	  for	  each	  time	  point,	  and	  then	  times	  0	  and	  60	  minutes	  were	  thresholded,	  
converted	  to	  masks	  and	  overlaid	  as	   false	  colored,	  green	  and	  red	  respectively.	  This	  
allowed	  simple	  determination	  of	  spots	  that	  were	  added	  or	  removed,	  grew	  or	  shrank	  
or	  divided	  during	  the	  analysis	  period.	  The	  total	  number	  of	  puncta	  added/lost	  during	  
the	  hour	  session	  was	  determined	  by	  comparing	  initial	  time	  and	  final	  time	  points	  for	  
the	  appearance	  or	  disappearance	  of	  puncta.	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Pharmacology	  
Gabapentin	  (Sigma	  Aldrich)	  was	  resuspended	  in	  DMSO	  at	  100	  mM,	  and	  then	  
diluted	  in	  1:10	  in	  PBS	  and	  added	  to	  standard	  NGM	  plates	  seeded	  with	  OP50	  E.	  coli	  to	  
achieve	   the	   final	   desired	   concentration.	   Using	   plates	   with	   an	   increasing	   dose	   of	  
Gabapentin,	  we	  found	  that	  animals	  reared	  throughout	  development	  on	  NGM	  plates	  
containing	   100	   µM	   Gabapentin	   phenotypically	   resembled	   unc-­‐36,	   appearing	   thin,	  
with	   poor	   movement	   (data	   not	   shown),	   thus	   we	   used	   this	   concentration	   for	   our	  
experiments.	  Plates	  were	  permitted	  to	  dry	  overnight	  and	  then	  20	  L4	  animals	  of	  each	  
genotype	  were	  placed	  on	  the	  media.	  Animals	  were	  imaged	  24	  hours	  later	  (as	  young	  
adults).	  (Experiment	  conducted	  by	  Dr.	  Brian	  Ackley.)	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Section	  2.6	  Figures	  
Figure	  2.1	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Figure	   2.1	  unc-­‐2	  mutations	   suppress	   SNB-­‐1::GFP	   defects	   in	  nid-­‐1	   (A)	   In	  wild-­‐
type	   animals	   synaptic	   vesicles	   accumulated	   in	   puncta	   (arrow)	   that	   have	   smooth	  
morphology	   and	   are	   evenly	   spaced	   (arrowhead).	   Cell	   bodies	   (asterisks)	   are	   also	  
visible.	  Scale	  bar	  is	  equivalent	  to	  10	  µm.	  (B)	  Animals	   lacking	  nidogen	  accumulated	  
synaptic	  vesicles	  in	  elongated	  (arrow)	  puncta.	  Diffuse	  GFP	  was	  often	  present	  in	  the	  
regions	  between	  puncta	  (arrowhead).	  (C)	  The	  ju493	  mutation	  suppressed	  the	  large	  
aggregations	   of	   SNB-­‐1::GFP	   seen	   in	  nid-­‐1	  mutants.	   (D,	   E)	  Mutations	   in	  unc-­‐2	   (D	   –	  
ju493,	   E	   –	   e55)	   resulted	   in	   slightly	   larger	   puncta,	   but	   the	   morphology	   and	  
distribution	  were	  more	  similar	  to	  wild	  type,	  than	  nid-­‐1,	  even	  when	  nid-­‐1	  was	  absent	  
(F).	  (G)	  unc-­‐13(s69)	  animals	  had	  a	  slight	  decrease	  in	  the	  number	  of	  puncta	  formed,	  
but	   the	  morphology	  was	   not	   grossly	   affected.	   (H)	   In	   the	  nid-­‐1(cg119);unc-­‐13(s69)	  
double	   mutants	   puncta	   were	   elongated	   similar	   to	   nid-­‐1	   single	   mutants.	   (I,	   J)	   We	  
quantified	  the	  puncta	  area	  (K)	  and	  circularity	  (L)	  for	  each	  of	  the	  analyzed	  genotypes	  
and	  plotted	   them	  as	  mean	   (circle)	  with	   the	  5-­‐95%	  confidence	   interval	   (whiskers).	  
(K)	   A	   cartoon	   of	   the	   genomic	   region	   of	   unc-­‐2	  with	   the	   position	   of	   alleles	   used	  
indicated.	  Exon/introns	  are	   to	  scale,	  except	   for	  dashed	   lines,	  which	   indicate	   larger	  
introns.	  The	  e55	  allele	  is	  a	  G>A	  nucleotide	  change	  in	  exon	  9	  that	  results	  in	  Q571	  to	  
stop	  (numbering	  for	  UNC-­‐2	  isoform	  E).	  The	   ju493	  deletion	  removes	  a	   large	  part	  of	  
the	  coding	  segment,	  corresponding	  to	  the	  exons	  encoding	  AA144-­‐1888.	  All	  animals	  
in	   these	  micrographs	  are	  young	  adults	   (1-­‐2	  days	  post	  L4).	   (Image	  acquisition	  and	  
analysis	  conducted	  by	  Dr.	  Brian	  Ackley.)	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Figure	  2.2	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Figure	   2.2	   wt	   animals	   have	   enlarged	   puncta	   during	   late	   L4	   development	  
During	  the	  early	  (A)	  and	  mid	  (B)	  L4	  stage	  SNB-­‐1::GFP	  puncta	  in	  wild	  type	  animals	  
were	   evenly	   sized	   and	   spaced.	   (C)	  But	   during	   late	   L4	  puncta	  were	   often	   enlarged	  
and/or	  elongated	  (arrow)	  along	  the	  axon.	  (A’-­‐C’)	  Representative	  examples	  of	  vulval	  
progression	  used	  to	  mark	  transition	  from	  early	  (A’),	  mid	  (B’)	  and	  late	  (C’)	  phases	  of	  
L4	  development.	  (D)	  In	  young	  adults	  puncta	  were	  again	  evenly	  sized	  and	  spaced.	  In	  
unc-­‐2	  mutants	   the	   early	   (E)	   and	   mid	   (F)	   L4	   stage	   animals	   had	   evenly	   sized	   and	  
spaced	  puncta,	  that	  appeared	  enlarged	  in	  late	  L4	  (G),	  but	  not	  elongated.	  (H)	  Puncta	  
remained	   enlarged	   in	   young	   e55	   adults,	   compared	   to	   those	   in	   equivalently	   aged	  
wild-­‐type	   animals	   (D).	   (I)	   Plots	   of	   the	   puncta	   length	   in	   the	   different	   stages	   are	  
presented	   as	   means	   (circles)	   with	   the	   5-­‐95%	   confidence	   intervals	   (whiskers).	  
During	   late	   L4	  of	  wild	   type	   (area	   also	   shaded	   for	   comparison),	   puncta	   are	   longer,	  
and	   more	   variable	   in	   length,	   than	   during	   other	   periods	   imaged.	   By	   comparison,	  
during	   late	   L4,	   although	   longer	   than	   wild	   type	   adults,	   unc-­‐2	  mutants	   had	   only	   a	  
modest	   increase	   in	   length.	   (J)	   A	   plot	   of	   the	   length	   of	   each	   puncta	   divided	   by	   the	  
width	  for	  each	  genotype.	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Figure	  2.3	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Figure	   2.3	   Presynaptic	   domains	   reshape	   during	   L4	   to	   adult	   transition	   The	  
proportion	  of	  puncta	  with	  an	  enlarged	  shape	  was	  analyzed.	  Puncta	  were	  binned	  into	  
three	   categories	   based	   on	   the	   area	   [(<1.05,	  wild-­‐type	   like),	   (1.05-­‐1.40,	  unc-­‐2	   like)	  
and	  (>1.40,	  nid-­‐1	  like)].	  During	  late	  L4	  in	  wild	  type	  35%	  of	  the	  puncta	  were	  enlarged	  
and	   appeared	   nid-­‐1	   like,	   compared	   to	   only	   14%	   in	   young	   adults.	   In	   contrast,	   the	  
percent	  of	  puncta	  in	  unc-­‐2	  animals	  in	  any	  of	  the	  categories	  was	  not	  changed	  during	  
the	  L4	  developmental	  stage.	  N>150	  puncta/genotype/stage.	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Figure	  2.4	  
	   	  
Figure 4. Caylor, Jin & Ackley, 2013
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Figure	  2.4	  unc-­‐2	  mutants	  exhibit	  fewer	  dynamic	  NMJs	  during	  the	  L4	  stage	  SNB-­‐
1::GFP	  puncta	   formed	   in	   the	  ventral	  cord	  of	  wild-­‐type	  or	  unc-­‐2(e55)	   animals	  were	  
imaged	  for	  one	  hour.	  The	  panels	  are	  a	  mask	  of	  the	  threshold	  image	  and	  false	  colored	  
each	  to	  demonstrate	  changes	  in	  the	  shape	  of	  the	  puncta.	  In	  wild	  type	  after	  one	  hour	  
the	   puncta	   largely	   align	   (yellow),	  with	   some	   differences,	   highlighted	   in	   the	   boxed	  
regions.	   (A-­‐C1)	   Three	   small	   puncta	   (arrowheads)	   that	   are	   present	   at	   time	   0	   have	  
disappeared	  60	  minutes	   later	   (B1).	   The	   elongated	  puncta	   (arrow)	  has	   condensed.	  
(A-­‐C2)	  An	  elongated	  punctum	  present	  at	  time	  0	  (arrow)	  appears	  to	  have	  separated	  
into	  two	  distinct	  puncta	  by	  the	  end	  of	  the	  observation	  period.	  An	  adjacent	  punctum	  
(arrowhead)	   is	   largely	  unchanged	  over	   the	   time	  period.	   (A-­‐C3)	  There	   is	   an	  empty	  
space	  at	  time	  0	  in	  which	  has	  two	  puncta	  (arrows)	  have	  formed	  by	  the	  time	  60	  point.	  
(D-­‐F)	   In	   unc-­‐2	   mutants	   puncta	   generally	   enlarged,	   but	   we	   observed	   fewer	  
formation/elimination	   and	   division	   events.	   (D-­‐F1)	   One	   punctum	   (arrow)	   was	  
approximately	   twice	   as	   large	   after	   60	   minutes,	   while	   the	   adjacent	   puncta	   were	  
largely	  unchanged.	  Note:	  the	  animal	  moved	  slightly	  during	  the	  protocol,	  putting	  the	  
puncta	  in	  D1-­‐F1	  slightly	  out	  of	  alignment.	  (D-­‐F2)	  In	  some	  instances	  we	  found	  puncta	  
that	   appeared	   to	   be	   elongated	   (arrowhead).	   In	   unc-­‐2	   these	   elongated	   puncta	  
remained	  elongated	  after	  an	  hour	  whereas	  in	  wild-­‐type	  they	  often	  resolved	  into	  two	  
puncta,	  or	  shrunk	  over	   the	   imaging	  period	  (A-­‐C2).	   (D-­‐F3)	  Many	  of	   the	  SNB-­‐1::GFP	  
puncta	  were	  approximately	  the	  same	  size,	  undergoing	  little	  change	  during	  the	  time	  
lapse,	  indicating	  that	  photobleaching	  was	  not	  grossly	  affecting	  the	  SNB-­‐1::GFP	  over	  
the	  imaging	  protocol.	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Figure	  2.5	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Figure	  2.5	  unc-­‐36	  regulates	  presynaptic	  morphology	  (A,	  B)	  unc-­‐36	  mutants	  also	  
had	  slightly	  enlarged	  puncta,	  and	  also	  suppressed	  the	  defects	  in	  nid-­‐1.	  (C)	  unc-­‐2;unc-­‐
36	  mutants	  appeared	  similar	   to	   the	  single	  mutants,	  but	  were	  not	   further	  enlarged.	  
(D)	  Suppression	  of	  nid-­‐1	  was	  not	  enhanced	  by	  simultaneous	  loss	  of	  both	  unc-­‐2	  and	  
unc-­‐36.	  (E)	  A	  deletion	  in	  the	  ptp-­‐3A	  specific	  coding	  region,	  tm352,	  causes	  a	  nid-­‐1	  like	  
defect	   in	   synapses,	   which	   is	   also	   suppressed	   by	   loss	   of	   unc-­‐36	   (F).	   (G)	   Broadly	  
replacing	   UNC-­‐36	   function	   via	   transgene	   efficiently	   rescued	   the	   enlarged	   puncta	  
found	   in	  unc-­‐36(e251)	  mutants.	   (H)	  Specific	  expression	  of	  UNC-­‐36	  solely	   in	   the	  D-­‐
type	  motor	  neurons	  was	  also	  sufficient	  to	  reduce	  the	  puncta	  enlargement	  found	  in	  
unc-­‐36(e251).	   (I,	   J)	  Treatment	  of	  wild-­‐type	  animals	  (I)	  or	  nid-­‐1(cg119)	  (J)	  with	   the	  
α2/δ-­‐subunit	   antagonist,	   Gabapentin,	   resulted	   in	   enlarged	  puncta	   similar	   to	   those	  
found	  in	  e251.	  (K)	  The	  puncta	  area	  by	  genotype	  are	  plotted	  as	  the	  mean	  (circle)	  with	  
5-­‐95%	  confidence	   interval	  (whiskers).	  All	  animals	   in	  these	  micrographs	  are	  young	  
adults	   (1-­‐2	   days	   post	   L4).	   (Image	   acquisition	   and	   analysis,	   with	   the	   exception	   of	  
panels	  C	  and	  D,	  conducted	  by	  Dr.	  Brian	  Ackley.)	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Figure	  2.6	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Figure	  2.6	  unc-­‐43	  can	  cell	  autonomously	  regulate	  presynaptic	  morphology	  (A)	  
The	   unc-­‐43(e408)	   LOF	  mutation	   caused	   an	   increase	   in	   puncta	   size.	   (B)	   The	   e408	  
mutation	  suppressed	  the	  morphological	  defects	  found	  in	  the	  nid-­‐1	  background.	  (C)	  
The	  n498	  GOF	  mutation	   in	  unc-­‐43	  caused	  enlarged	  puncta	   that	  were	  disorganized.	  
(D-­‐F)	   Expression	   of	   an	   mCherry-­‐tagged	   UNC-­‐43	   chimera	   specifically	   in	   the	  
GABAergic	  neurons	   largely	  rescued	  the	  SNB-­‐1::GFP	  morphology	  defects	  present	   in	  
e408	   animals.	   (G)	   A	   line	   scan	   of	   the	   VD12	   axon	   region	   (line	   in	   panel	   D)	  
demonstrating	  the	  co-­‐incidence	  of	  mCherry::UNC-­‐43	  (red)	  with	  SNB-­‐1::GFP	  (green).	  
GFP/RFP	   coincidence	   was	   measured	   in	   a	   single	   confocal	   slice.	   (H)	   A	   plot	   of	   the	  
puncta	   area	   measured	   by	   genotype	   as	   mean	   (circle)	   with	   the	   5-­‐95%	   confidence	  
interval	   (whiskers).	   All	   animals	   in	   these	  micrographs	   are	   young	   adults	   (1-­‐2	   days	  
post	  L4).	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Supplementary	  Figure	  2.1	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Supplemental	  Figure	  2.1	  Specificity	  of	   interaction	  between	  unc-­‐2/unc-­‐36	   and	  
nid-­‐1	   (A)	   The	   egl-­‐19	  LOF	   allele,	  n582,	   animals	   had	   normal	   appearing	   SNB-­‐1::GFP	  
puncta.	   (B)	   In	   egl-­‐19(n582);nid-­‐1(cg119)	   the	   puncta	   appear	   enlarged	   and	  
disorganized.	  (C)	  A	  deletion	  in	  the	  Cav3-­‐like	  channel,	  cca-­‐1,	  had	  no	  obvious	  effect	  on	  
SNB-­‐1::GFP	  morphology.	   (D)	  Removing	  cca-­‐1	  from	  nid-­‐1	  mutants	  did	  not	  suppress	  
the	   morphological	   changes,	   as	   puncta	   were	   observed	   to	   be	   elongated	   and	  
disorganized.	  (E)	  Loss	  of	  the	  second	  α2/δ	  subunit,	  tag-­‐180,	  had	  only	  a	  modest	  effect	  
on	  SNB-­‐1::GFP	  puncta,	  but	  did	  not	  suppress	  the	  defects	  found	  in	  nid-­‐1	  mutants	  (F).	  
(G)	  A	  plot	  of	  the	  puncta	  area	  measured	  by	  genotype	  as	  mean	  (circle)	  with	  the	  5-­‐95%	  
confidence	   interval	   (whiskers).	  All	   animals	   in	   these	  micrographs	  are	  young	  adults	  
(1-­‐2	  days	  post	  L4).	  (Image	  acquisition	  and	  analysis	  of	  panels	  A-­‐D	  conducted	  by	  Dr.	  
Brian	  Ackley.)	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Chapter	  III	  
CALM-­‐1,	  the	  Caenorhabditis	  elegans	  calmyrin	  ortholog,	  functions	  
with	  the	  voltage-­‐gated	  calcium	  channels	  UNC-­‐2	  and	  UNC-­‐36	  to	  
regulate	  neuromuscular	  junction	  morphology	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Section	  3.1	  Abstract	  
Synapses	  are	  intercellular	  junctions	  that	  facilitate	  communication	  between	  a	  
neuron	   and	   its	   target.	   Once	   formed,	   synapses	   undergo	   regulated	   changes	   in	   size,	  
shape	   and	   activity	   to	   strengthen,	   or	   remove,	   existing	   connections.	   	   Previously,	  we	  
have	   shown	   the	   Caenorhabditis	   elegans	   voltage-­‐gated	   calcium	   channel	   subunits	  
UNC-­‐2	  and	  UNC-­‐36	  mediate	  changes	  in	  GABAergic	  neuromuscular	  junctions	  (NMJs)	  
that	  occur	  concurrently	  with	  organismal	  growth.	  In	  this	  study,	  we	  show	  that	  a	  gain-­‐
of-­‐function	  mutation	  in	  unc-­‐2	  caused	  synaptic	  overgrowth,	  resulting	  in	  a	  phenotype	  
resembling	   the	   loss	   of	   extracellular	  matrix	  molecule	   nidogen.	  Both	   unc-­‐2	  gain-­‐of-­‐
function	  and	  nid-­‐1	  loss-­‐of-­‐function	  phenotypes	  were	  suppressed	  by	  loss	  of	  function	  
in	  calm-­‐1,	  the	  single	  C.	  elegans	  ortholog	  of	  the	  calcium-­‐	  and	  integrin-­‐binding	  protein	  
(CIB),	  additionally	  known	  as	  calmyrin.	  Expression	  of	  calm-­‐1	  in	  the	  GABAergic	  motor	  
neurons	  was	  able	  to	  rescue	  the	  synaptic	  phenotype,	   indicating	  calm-­‐1	  can	  function	  
cell	   autonomously.	   We	   found	   CALM-­‐1	   binds	   to	   the	   adaptor	   protein	   RACK-­‐1	   in	   a	  
calcium-­‐dependent	  manner.	  Loss	  of	  rack-­‐1	  function	  causes	  a	  nid-­‐1-­‐like	  phenotype	  at	  
GABAergic	  NMJs,	  and	  this	  phenotype	  could	  be	  suppressed	  by	  removing	  calm-­‐1.	  We	  
conclude	  CALM-­‐1	   functions	   cell	   autonomously	  and	  downstream	  of	  UNC-­‐2/UNC-­‐36	  
to	  regulate	  synapse	  morphology.	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Section	  3.2	  Introduction	  
Voltage-­‐gated	   calcium	   channels	   (VGCCs)	   are	   multimeric	   proteins	   that	  
facilitate	   neurotransmitter	   release	   in	   response	   to	   nerve	   terminal	   membrane	  
depolarization.	   Structurally,	   VGCCs	   are	   composed	   of	   a	   voltage	   sensing	   and	   pore	  
forming	  α1	  subunit	  assembled	  with	  β,	  α2/δ	  and,	  occasionally,	  γ	  auxiliary	  subunits,	  
which	   regulate	   channel	   localization	   and	   biophysical	   properties	   [85].	   VGCC	   α1	  
subunit	  function	  is	  conserved	  through	  evolution,	  as	  its	  loss	  in	  Caenorhabditis	  elegans	  
results	  in	  decreased	  neurotransmitter	  release	  [17,	  18,	  60]	  and	  in	  Drosophila,	  where	  
α1	  subunit	  mutants	  also	  decrease	  neuronal	  firing	  [19].	  	  
VGCCs	  also	  regulate	  synaptic	  morphology,	  and	  this	  regulation	  has	  been	  found	  
to	  occur	  independent	  of	  neuronal	  activity	  in	  both	  C.	  elegans	  and	  Drosophila	  [14,	  15,	  
23].	  Moreover,	  in	  the	  vertebrate	  central	  nervous	  system,	  thrombospondin	  receptor	  
α2δ-­‐1	   can	   promote	   synaptogenesis	   in	   the	   presence	   of	   drugs	   that	   block	   calcium	  
channel	   function	   [24].	   These	   findings	   indicate	   VGCCs	   can	   provide	   an	   activity-­‐
independent	  signal	  to	  shape	  synaptic	  morphology.	  	  
VGCC-­‐derived	  calcium	  influx,	  in	  addition	  to	  neurotransmission,	  can	  initiate	  a	  
myriad	   of	   cellular	   processes,	   encompassing	   events	   ranging	   from	   transcriptional	  
regulation	   to	   cellular	  death	   [25].	  With	   the	  ability	   to	   translate	   ionic	   concentrations	  
into	  functional	  outputs,	  the	  neuronal	  calcium	  sensor	  (NCS)	  family	  is	  a	  diverse	  set	  of	  
proteins	   that	   have	   evolved	   to	   respond	   to	   the	   transient	   and	   localized	   nature	   of	  
intracellular	   calcium	   spikes.	   NCS	   proteins	   possess	   EF	   hand	   domains,	   which	   bind	  
calcium	   and	   induce	   protein	   conformational	   shifts	   [27].	   These	   shifts	   permit	   NCS	  
members	   to	   interact	   in	  a	   calcium-­‐dependent	  manner	  with	   specific	   target	  proteins.	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For	   example,	   in	   photoreceptor	   cells,	   calcium	   activates	   recoverin	   and	   leads	   to	   the	  
inhibition	   of	   rhodopsin	   kinase	   [28].	   Additionally,	   conformational	   rearrangements	  
can	   lead	   to	   the	   extrusion	   of	   a	   membrane-­‐targeting	   myristoylation	   sequence,	  
allowing	   for	   a	   calcium-­‐induced	   change	   in	   protein	   localization	   [29].	   Thus,	   NCS	  
proteins	   are	   attractive	   candidates	   to	   perform	   activity-­‐independent	   morphological	  
changes	  in	  response	  to	  VGCC	  function.	  	  
We	  have	  previously	  described	  the	  role	  C.	  elegans	  VGCCs	  subunits	  unc-­‐2,	   the	  
neuronal	   P/Q-­‐type	   α1	   subunit,	   and	   unc-­‐36,	   the	   auxiliary	   α2δ	   subunit,	   provide	   in	  
synaptic	   morphology.	   Mutations	   in	   the	   conserved	   extracellular	   matrix	   molecule	  
nidogen	   result	   in	   diffuse,	   elongated	   synaptic	   puncta	   [42],	   and	   this	   phenotype	  
requires	  VGCC	  function	  [14].	  Moreover,	  the	  VGCC	  regulatory	  role	  of	  unc-­‐2	  and	  unc-­‐
36	  is	  specific	   to	  those	  subunits,	  as	  the	  other	  α1	  subunits,	  egl-­‐19	  and	  cca-­‐1,	  and	  the	  
second	  α2δ	  subunit,	  tag-­‐180,	  encoded	  in	  the	  C.	  elegans	  genome	  did	  not	  suppress	  nid-­‐
1	  phenotype	  [14].	  Here,	  we	  demonstrate	  a	  similar	  synaptic	  regulatory	  role	  for	  the	  EF	  
hand	  containing	  protein	  CALM-­‐1,	  which	  was	   identified	   through	  a	  nid-­‐1	  suppressor	  
screen.	  	  
calm-­‐1	  is	  the	  single	  ortholog	  of	  the	  vertebrate	  calcium-­‐	  and	  integrin-­‐binding	  
proteins	  (CIB1-­‐4),	  also	  known	  as	  calmyrin(1-­‐4).	  CIB1	  interacts	  with	  platelet-­‐specific	  
integrins	   [44,	   45]	   and	   can	   function	   as	   a	   calcium-­‐dependent	   ligand	   of	   InsP3Rs	   for	  
both	   activation	   and	   inactivation	   of	   receptor	   function	   [46].	   CIB1	   is	   also	   capable	   of	  
transporting	  sphingosine	  kinase	  1	  to	  the	  plasma	  membrane	  through	  its	  N-­‐terminal	  
myristoyl	   sequence	   [47].	   CALM-­‐1	   performs	   a	   similar	   function	   in	   C.	   elegans,	   as	   it	  
directs	  sphingosine	  kinase	  to	  the	  plasma	  membrane	  in	  cholinergic	  neurons	  [51].	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CIB	   proteins	   are	   also	   localized	   in	   the	   nervous	   system,	   as	   CIB2	   mRNA	  
transcripts	  and	  protein	  are	  found	  in	  the	  hippocampus	  and	  cortex	  of	  rat	  brains	  [48].	  
Interestingly,	  CIB2	  was	   recently	  discovered	  as	   a	   risk	   gene	   in	  patients	  with	  autism	  
spectrum	   disorders	   [50].	   Additionally,	   in	   cultured	   neurons,	   calmyrin1	   has	   been	  
shown	   to	   regulate	   neurite	   extension	   through	   stathmin2	   (SCG10),	   and	   an	   in	   vitro	  
microtubule	   polymerization	   assay	   showed	   calmyrin1	   inhibits	   the	   microtubule-­‐
destabilizing	  effects	  of	  stathmin2	  [49].	  
At	   C.	   elegans	   GABAergic	   NMJs,	   calm-­‐1	   loss	   of	   function	   suppressed	   the	  
synaptic	   defects	   present	   in	   nid-­‐1	   mutants.	   Using	   a	   gain	   of	   function	   in	   unc-­‐2,	   we	  
found	   calm-­‐1	   functioned	   downstream	   of	   UNC-­‐2	   VGCCs	   to	   regulate	   synaptic	  
morphology.	  calm-­‐1	  mutants	  did	  not	  have	  uncoordinated	  (Unc)	  locomotion,	  nor	  did	  
they	   suppress	   the	   hyperactive	   locomotor	   activity	   present	   in	   unc-­‐2	   (gof)	   animals.	  
These	   results	   are	   consistent	   with	   UNC-­‐2	   VGCCs	   affecting	   synaptic	   morphology	  
independent	   of	   synaptic	   transmission.	  We	   also	   found	   the	   receptor	   for	   activated	   C	  
kinase	   (RACK-­‐1)	   bound	   CALM-­‐1	   in	   a	   calcium-­‐dependent	   manner.	   Our	   work	  
identifies	   calm-­‐1	   as	   a	   novel	   effector	   of	   VGCC-­‐dependent	   regulation	   of	   synaptic	  
morphology.	   Our	   genetic	   analyses	   suggests	   a	   balance	   between	   VGCC-­‐dependent	  
regulation	  of	  morphology	  and	  synaptic	  adhesion	  that	  nidogen	  provides	  to	  allow	  for	  
developmental	  synaptic	  growth	  to	  occur.	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Section	  3.3	  Results	  
calm-­‐1	  is	  a	  suppressor	  of	  nidogen	  GABAergic	  neuromuscular	  junction	  defects	  	  
The	  D-­‐type	  GABAergic	  motor	  neurons	  innervate	  the	  dorsal	  and	  ventral	  body	  
wall	   muscles	   to	   help	   coordinate	   the	   characteristic	   sinusoidal	   movement	   of	  
Caenorhabditis	  elegans.	  The	  neuromuscular	   junctions	   (NMJ)	   that	   are	   formed	  occur	  
en	  passant,	   along	   the	   length	  of	   individual	  axons,	   leading	   to	  one	  neuron	  possessing	  
multiple	   presynaptic	   areas	   (Fig.	   3.1	  A).	  We	   visualized	  NMJs	   using	   the	   presynaptic	  
marker	   juIs1	   (Punc-­‐25::snb-­‐1::GFP),	   which	   labels	   synapses	   by	   expressing	   the	  
synaptic	   vesicle	   protein	   synaptobrevin	   fused	   to	   GFP	   in	   GABAergic	  motor	   neurons	  
[36,	   37].	   In	   wild-­‐type	   (wt)	  young	   adult	   animals,	   SNB-­‐1::GFP	   localized	   in	   discrete,	  
evenly	   spaced	   puncta	   with	   an	   average	   of	   0.82	   ±	   0.04	   μm2	   (Fig.	   3.1	   B).	   We	   have	  
previously	  described	  mutations	   in	   the	  genes	  encoding	   the	  C.	  elegans	   voltage-­‐gated	  
calcium	   channels	   (VGCC)	   subunits	   unc-­‐2	   and	   unc-­‐36	   suppress	   SNB-­‐1::GFP	  
accumulation	   defects	   associated	   with	   the	   extracellular	   matrix	   molecule	   (ECM)	  
nidogen	  [14].	  Despite	   the	  current	  understanding	  of	  VGCCs	  requirement	   in	  shaping	  
synaptic	  morphology,	  the	  identification	  of	  downstream	  mediator	  molecules	  remains	  
an	  area	  of	  active	  investigation.	  	  
We	  identified	  calm-­‐1	  as	  a	  potential	  genetic	  modifier	  of	  nid-­‐1	  in	  an	  RNAi-­‐based	  
screen	   (Tables	   3.1	   and	   3.2).	   As	   calm-­‐1	  contained	   calcium-­‐binding	  motifs	   and	   a	  N-­‐
terminal	   myristoylation	   sequence,	   it	   was	   an	   ideal	   candidate	   to	   link	   changes	   in	  
calcium	  concentration	  via	  VGCCs	  to	  the	  morphological	  architecture	  of	  NMJs	  (Fig.	  3.2	  
A).	  We	  obtained	  a	  calm-­‐1	  (lof)	  allele,	  tm1353,	  which	  removes	  some	  of	  the	  5’	  region	  
adjacent	   to	   exon	   1,	   exon	   1	   and	   part	   of	   the	   first	   intron	   (Fig.	   3.2	  B),	   and	   is	   likely	   a	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complete	   null	   for	   calm-­‐1.	   We	   visualized	   SNB-­‐1::GFP	   puncta	   size	   in	   nid-­‐
1(cg119);calm-­‐1(tm1353)	  of	   	   1.09	   ±	   0.05	   μm2.	   Thus,	   calm-­‐1;nid-­‐1	  double	  mutants	  
corroborated	  our	  RNAi	  by	  suppressing	  the	  elongated	  phenotype	  of	  nidogen	  mutants	  
(Fig.	  3.1	  D).	  This	  was	  a	  significant	  decrease	  from	  1.52	  ±	  0.13	  μm2	  (P	  <	  0.05)	  of	  nid-­‐
1(cg119)	   (Fig.	   3.1	  C).	   The	   calm-­‐1	  single	  mutants	   also	  had	   an	   effect	   on	   SNB-­‐1::GFP	  
puncta	  size,	  with	  an	  area	  of	  1.09	  ±	  0.06	  μm2	  (P	  <0.001	  versus	  wt	  and	  <0.05	  versus	  
nid-­‐1)	   (Fig.	   3.1	   E).	   In	   contrast	   to	   the	   VGCC	   mutants,	   unc-­‐2	   and	   unc-­‐36,	   or	   the	  
calmodulin	   kinase	   II	   mutant,	   unc-­‐43,	   that	   we	   have	   previously	   described	   as	   nid-­‐1	  
suppressors	   [14],	  calm-­‐1	  mutants	  do	  not	  have	  an	  uncoordinated	   (Unc)	  phenotype.	  
This	   is	   consistent	   with	   our	   previous	   results	   that	   regulation	   of	   GABAergic	   NMJ	  
morphology	  is,	  at	  least	  in	  part,	  due	  to	  mechanisms	  independent	  of	  vesicle	  exocytosis	  
[14].	  	  
	  
Synaptic	   defects	   of	   receptor	   tyrosine	   phosphatase,	  ptp-­‐3,	   are	   suppressed	   by	  
calm-­‐1	  	  
Nidogen	   interacts	   with	   the	   receptor	   tyrosine	   phosphatase	   ptp-­‐3/LAR	   to	  
anchor	  the	  active	  zone	  protein	  SYD-­‐2	  (liprin-­‐α)	  at	  the	  synapse	  [43].	  Spanning	  from	  
the	   extracellular	   matrix	   to	   the	   presynaptic	   active	   zone,	   this	   protein	   complex	   is	  
positioned,	   and	   organized,	   to	   influence	   synaptic	   morphology.	   ptp-­‐3(mu256)	   is	   a	  
strong	  loss-­‐of-­‐function	  mutant	  [43],	  and	  results	  in	  the	  same	  diffuse,	  elongated	  SNB-­‐
1::GFP	  clusters	  as	  nidogen	  mutants,	  with	  synaptic	  areas	  averaging	  1.52	  ±	  0.09	  μm2	  
(P	  <0.001	  versus	  wt	  and	  P	  >0.05	  versus	  nid-­‐1)	  (Fig.	  3.1	  F).	  Since	  we	  observed	  calm-­‐1	  
mutations	   suppressed	  nid-­‐1	   defects,	   we	  wondered	   if	   it	   would	   behave	   similarly	   in	  
ptp-­‐3(mu256)	  mutants.	   The	   calm-­‐1;ptp-­‐3	  double	  mutant	   suppressed	   these	   defects,	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significantly	  reducing	  SNB-­‐1::GFP	  cluster	  area	  to	  0.78	  ±	  0.04	  μm2	  (P	  <0.001	  versus	  
ptp-­‐3)	  (Fig.	  3.1	  G).	  Previously,	  we	  observed	  similar	  effects	  using	  a	  mutation	  in	  unc-­‐
36,	   the	   extracellular	   VGCC	   α2/δ	   subunit,	   in	   combination	   with	   ptp-­‐3,	   that	   is	   the	  
doubles	  were	  more	   like	  wt	  than	  either	  of	   the	  single	  mutants	   [14].	  Taken	   together,	  
intact	  VGCCs	  and	  CALM-­‐1	  function	  are	  required	  for	  the	  defects	  associated	  with	  loss	  
of	  the	  nidogen	  protein	  complex	  to	  be	  manifested.	  	  
	  
calm-­‐1	  functions	  downstream	  of	  unc-­‐2	  and	  unc-­‐36	  to	  regulate	  neuromuscular	  
junction	  morphology	  
calm-­‐1	   encodes	   an	   ortholog	   of	   the	   calcium-­‐and	   integrin-­‐binding	   proteins	  
(CIB).	  Possessing	  three	  predicted	  calcium-­‐binding	  EF	  hand	  motifs	  (EF	  hand	  1	  lacks	  
an	   aspartate	   in	   position	   1	   of	   a	   canonical	   EF-­‐hand,	   and	   thus	   it	   may	   not	   be	   a	  
functional),	   CALM-­‐1	   can	   be	   classified	   as	   a	   neuronal	   calcium	   sensor	   (NCS)	   family	  
member.	   NCS	   proteins	   undergo	   conformational	   changes	   after	   binding	   calcium	  
membrane,	  allowing	  interactions	  with	  calcium-­‐dependent	  target	  proteins	  [27].	  One	  
outcome	  of	  a	  conformational	  change	  in	  some	  NCS	  proteins,	  including	  calmyrin,	  is	  the	  
protrusion	   of	   an	  N-­‐terminal	  myristoylation	  modification,	  which	  drives	   proteins	   to	  
the	  plasma	  membrane	  [29].	  These	  characteristics	  make	  CALM-­‐1	  a	  candidate	  to	  be	  a	  
downstream	  mediator	  of	  VGCC	  activity.	  	  
In	  calm-­‐1	  mutants,	  along	  with	  suppressing	  the	  nid-­‐1	  mutation	  defects,	  SNB-­‐
1::GFP	   clusters	   were	   fewer	   in	   number,	   but	   larger	   in	   size	   than	   those	   in	   wild-­‐type	  
animals.	  VGCC	  subunits	  unc-­‐36	  (1.23	  ±	  0.06	  μm2)	  and	  unc-­‐2	  (1.26	  ±	  0.15	  μm2)	  have	  
similar	  SNB-­‐1	  accumulation	  defects	  (Fig.	  3.3	  A,C).	  These	  results	  suggest	  the	   loss	  of	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CALM-­‐1	   is	   akin,	   in	   regulating	   NMJ	  morphology,	   to	   the	   reduction	   of	   calcium	   entry	  
through	  VGCCs.	  We	  tested	  if	  calm-­‐1	  and	  the	  VGCC	  subunits	  worked	  redundantly	  or	  
together	   to	   regulate	   SNB-­‐1::GFP	   clusters.	   Double	   mutant	   analysis	   between	   calm-­‐
1;unc-­‐36	  (1.30	  ±	  0.10	  μm2;	  P	  >0.05	  versus	  unc-­‐36;	  P	  >0.05	  versus	  calm-­‐1)	  and	  calm-­‐
1;unc-­‐2	  (1.10	  ±	  0.7	  μm2;	  P	  >0.05	  versus	  calm-­‐1;	  P	  >0.05	  versus	  unc-­‐2)	  both	  displayed	  
SNB-­‐1::GFP	  cluster	  areas	  similar	  to	  each	  single	  mutant	  (Fig.	  3.3	  B,D).	  As	  the	  area	  of	  
the	  puncta	  are	  well	  below	  the	  average	  size	  of	  puncta	  observed	  in	  other	  genotypes,	  it	  
is	  unlikely	  that	  there	  is	  a	  threshold	  effect,	  and	  thus,	  we	  concluded	  these	  genes	  work	  
in	  a	  common	  pathway	  to	  shape	  presynaptic	  domains.	  
One	   potential	   mechanism	   would	   involve	   calcium	   influx	   through	   VGCCs	  
leading	   to	   activation	   of	   CALM-­‐1,	   which	   initiates	   a	   secondary	   signaling	   cascade.	  
Alternatively,	   CALM-­‐1	   could	   be	   acting	   upstream	   of	   VGCCs	   to	   augment	   calcium	  
signaling	  by	  altering	  the	  properties	  of	  the	  channel,	  similar	  to	  Frequenin/NCS1	  [86].	  
To	  understand	  the	  epistatic	  relationship	  between	  the	  VGCCs	  and	  CALM-­‐1,	  a	  
gain-­‐of-­‐function	   (gof)	   VGCC	   allele,	  unc-­‐2(zf35),	   was	   examined	   for	   synaptic	   defects	  
[87].	  Hyperactivation	  of	  UNC-­‐2	  resulted	  in	  abnormally	  large	  and	  irregularly	  shaped	  
SNB-­‐1::GFP	  clusters	  (1.75	  ±	  0.17	  μm2;	  P	  <0.001	  versus	  wt;	  P	  <0.001	  versus	  calm-­‐1;	  P	  
<0.05	   versus	   unc-­‐2),	   reminiscent	   of	   nid-­‐1	  mutant	   puncta	   (Fig.	   3.3	   E).	   Removing	  
CALM-­‐1	   from	   the	  unc-­‐2(zf35)	  background	   reduced	   the	   SNB-­‐1::GFP	   cluster	   area	   to	  
1.27	  ±	  0.07	  μm2	   (P	  <0.05	   versus	   calm-­‐1;	   P	   >0.05	   versus	  unc-­‐2	   (e55))	  	   (Fig.	   3.3	   F).	  
This	   indicated	  CALM-­‐1	  was	  required	   for	   the	  SNB-­‐1	  accumulation	  defects	  observed	  
in	   unc-­‐2(gof)	   and,	   thus,	   likely	   operates	   downstream	   of	   UNC-­‐2	   in	   regulation	   of	  
synaptic	  morphology.	   The	  unc-­‐2(zf35)	  mutants	   exhibited	   a	   hyperactive	   locomotor	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behavior,	   characterized	   by	   frequent	   backing	   with	   the	   average	   of	   33	   ±	   1.6	  
reversals/min,	   a	  behavior	  not	   seen	   in	  wild-­‐type	  animals	   (2	  ±	  0.25	   reversals/min).	  
The	  calm-­‐1(tm1353);unc-­‐2(zf35)	  animals	  had	  a	  similar	  behavioral	  phenotype	  to	  the	  
unc-­‐2(zf35)	  single	  mutants,	  with	  average	  of	  22	  ±	  1.0	  reversals/min	  (Fig.	  3.3	  H).	  This	  
suggests	   that	   the	   activity	   of	   the	   UNC-­‐2	   channel	   was	   not	   grossly	   changed	   by	   the	  
removal	  of	  calm-­‐1,	  and	  that	  CALM-­‐1	  is	  unlikely	  to	  modify	  the	  activity	  of	  the	  channel.	  
Overall	  we	  conclude	  from	  these	  results	  that	  calm-­‐1	  is	  likely	  to	  function	  downstream	  
of	  unc-­‐2,	  independent	  of	  neurotransmission,	  to	  regulate	  synaptic	  morphology.	  
We	  next	   tested	  unc-­‐2(zf35);nid-­‐1(cg119)	  double	  mutants	   to	   understand	   the	  
interaction	   between	   nidogen	   and	   hyperactivated	   voltage-­‐gated	   calcium	   channels	  
(Fig.	   3.3	   G).	   Double	  mutants	   have	   a	   SNB-­‐1::GFP	   area	   of	   1.71	   ±	   0.19	   μm2	   (P	   >0.05	  
versus),	  suggesting	  these	  two	  genes	  work	  in	  the	  same	  pathway	  to	  regulate	  synaptic	  
morphology.	   Since	   we	   find	   that	   nid-­‐1	   likely	   functions	   upstream	   of	   unc-­‐2,	  and	   the	  
calm-­‐1	  mutation	  is	  able	  to	  suppress	  both	  nid-­‐1(cg119)	  and	  unc-­‐2(zf35),	  we	  conclude	  
that	   the	   synaptic	   morphology	   defects	   in	   nid-­‐1(lof)	   and	   unc-­‐2(gof)	   are	   due	   to	   a	  
common	   mechanism.	   A	   simple	   model	   is	   that	   NID-­‐1	   normally	   functions	   to	   inhibit	  
synaptic	  growth,	  and	  that	  inhibition	  is	  relieved	  by	  activation	  of	  UNC-­‐2.	  Since	  the	  nid-­‐
1(cg119)	  mutants	  do	  not	  cause	  a	  zf35-­‐like	  locomotor	  activity,	  it	  is	  unlikely	  that	  NID-­‐
1	  functions	  to	  inhibit	  UNC-­‐2	  activity	  in	  exocytosis.	  	  
	  
CALM-­‐1	  localizes	  to	  the	  nervous	  system	  and	  musculature,	  and	  is	  required	  cell	  
autonomously	  for	  proper	  neuromuscular	  junction	  morphology	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We	  generated	   full-­‐length	  CALM-­‐1::GFP	  and	  RFP	   fusions	   to	   assay	  where	   the	  
gene	  was	  expressed	  and	  the	  protein	  localized	  during	  development.	  The	  fusions	  were	  
deemed	   functional	   since	   they	   partially	   rescued	   the	   egg-­‐laying-­‐defective	   (Egl)	  
phenotype	   associated	   with	   calm-­‐1	   animals	   (90%	   Egl	   for	   tm1353	   vs	   35%	   for	  
tm1353;lhEx36;	  data	   not	   shown).	   CALM-­‐1::GFP	  was	   first	   detectable	   in	   embryos	   at	  
the	   gastrula	   stage	   and	   expression	   persisted	   throughout	   development	   and	   into	  
adulthood.	   CALM-­‐1	   appears	   to	   be	   highly	   expressed	   in	   the	   nervous	   system	   and	  
musculature	  (Fig.	  3.4	  A-­‐C).	  Within	  the	  muscle,	  CALM-­‐1	  appeared	  to	  be	   localized	   in	  
puncta	   that	   appeared	   similar	   to	   the	  dense	  bodies,	  which	  are	  points	  of	   attachment	  
between	   the	   actin	   cytoskeleton	   and	   ECM.	   CALM-­‐1	   also	   appeared	   in	  muscle	   arms,	  
which	   extend	   from	  muscles	   to	   the	   nerve	   cord.	   In	   the	   nervous	   system,	   expression	  
was	  seen	  in	  both	  GABAergic	  and	  cholinergic	  neurons	  (Fig.	  3.5	  A-­‐C).	  	  
To	  test	  whether	  CALM-­‐1	  was	  functioning	  cell	  autonomously	  an	  N-­‐terminally	  
tagged	  mCherry::CALM-­‐1	  fusion	  protein	  was	  expressed	  under	  the	  unc-­‐25	  promoter	  
and	  introduced	  into	  the	  null	  mutant,	  tm1353.	  This	  construct	  rescued	  the	  SNB-­‐1::GFP	  
accumulation	   defects	   present	   in	   tm1353,	   resulting	   in	   puncta	  with	   an	   area	   of	   0.88	  
μm2	  ±	  0.06	  (Fig.	  3.5	  D)	  These	  results	  show	  that	  CALM-­‐1	  likely	  functioned	  in	  the	  VD	  
neurons	   to	   regulate	   presynaptic	   morphology.	   We	   compared	   the	   subcellular	  
localization	   of	   CALM-­‐1::RFP	   relative	   to	   SNB-­‐1::GFP	   clusters	   in	   the	   VD	   motor	  
neurons.	   CALM-­‐1::RFP	  was	   found	   throughout	   the	   VD	   neurons,	  with	   expression	   in	  
the	  cell	  body,	  axon	  and	  localizing,	  partially,	  to	  GFP	  puncta.	  Similar	  to	  mCherry	  alone,	  
CALM-­‐1	  was	  not	  specifically	  localized	  to	  synapses	  or	  the	  regions	  bordering	  synaptic	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areas;	   rather,	   CALM-­‐1	   appears	   to	   be	   present	   diffusely	   throughout	   VD	   neurons,	  
indicating	  is	  grossly	  localized	  to	  the	  cytoplasm	  under	  normal	  conditions.	  	  	  
	  
The	  intracellular	  scaffolding	  molecule	  RACK-­‐1	  is	  a	  calcium-­‐dependent	  binding	  
partner	  of	  CALM-­‐1	  	  
Our	   results	   suggested	   that	   calm-­‐1	   could	   be	   part	   of	   a	   calcium-­‐dependent	  
signal	   downstream	   of	   UNC-­‐2	   to	   regulate	   changes	   in	   synaptic	   morphology.	   Since	  
CALM-­‐1	  contains	  predicted	  EF	  hand	  motifs,	  we	  hypothesized	  CALM-­‐1	  could	  bind	  to	  
target	   proteins	   in	   response	   to	   increased	   calcium	   at	   the	   synapse.	   We	   identified	  
potential	   calcium-­‐dependent	   interactions	   by	   incubating	   immobilized	   CALM-­‐1	  
protein	  in	  the	  presence	  of	  calcium,	  then	  eluting	  bound	  proteins	  with	  EDTA.	  	  
We	   identified	   14	   proteins	   that	   interacted	   with	   CALM-­‐1	   in	   a	   calcium-­‐
dependent	   (Table	   3.3).	   These	   proteins	   included	   multiple	   ribosomal	   subunit	  
proteins,	   a	   eukaryotic	   initiation	   factor	   and	   the	   receptor	   for	   activated	   C	   kinase	  
(RACK-­‐1).	  RACK-­‐1	  was	  of	  interest	  because	  it	  is	  an	  intracellular	  scaffold	  involved	  in	  
multiple	  neuronal	  processes	  [88]	  and	  functions	  in	  the	  GABA	  neurons	  to	  control	  axon	  
pathfinding	  [89].	  Interestingly,	  RACK-­‐1	  was	  found	  to	  interact	  with	  PTPμ	  both	  at	  cell	  
contact	   points	   and	   to	   regulate	  E-­‐cadherin-­‐mediated	   adhesion	   [90,	   91].	   These	  data	  
suggested	  to	  us	  that	  RACK-­‐1	  may	  interact	  in	  a	  similar	  manner	  in	  GABAergic	  synapse	  
morphology.	  
We	  confirmed	   that	  CALM-­‐1	  and	  RACK-­‐1	  can	  physically	   interact	   in	  vitro	  in	  a	  
calcium	  dependent	  fashion	  (Fig.	  3.5	  A).	  Next,	  we	  examined	  SNB-­‐1::GFP	  patterning	  in	  
rack-­‐1(tm2262),	  which	   is	   a	   strong	   loss-­‐of-­‐function	  mutation	   in	   rack-­‐1	   (Fig	   3.5	   B).	  
The	   tm2262	  mutants	  displayed	  an	   increase	   in	  SNB-­‐1::GFP	  cluster	  size,	   resulting	   in	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areas	  of	  1.65	  ±	  0.21	  μm2	  ;	  P	  <0.001	  versus	  wt	  (Fig.	  3.5	  C).	  The	  enlarged	  SNB-­‐1::GFP	  
clusters	   in	   rack-­‐1	   mutants	   are	   suppressed	   by	   the	   removal	   of	   calm-­‐1	   (1.18	   ±	   0.09	  
μm2;	   P	   =	   0.05	   versus	   rack-­‐1)	   (Fig.	   3.5	   D).	   Additionally,	   when	   RACK-­‐1::GFP	   was	  
expressed	  in	  the	  GABAergic	  motor	  neurons,	  it	  colocalized	  with	  another	  fluorescent	  
synaptic-­‐vesicle	   marker,	   RAB-­‐3::mCherry	   (Fig.	   3.5	   E-­‐G).	   Together,	   these	   results	  
indicate	   RACK-­‐1	   is	   localized	   at	   presynaptic	   areas,	   and	   that	   regulates	   synapse	  
morphology.	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Section	  3.4	  Discussion	  
We	   have	   shown	   here	   CALM-­‐1	   plays	   a	   role	   in	   regulating	   GABAergic	  
neuromuscular	  junction	  (NMJ)	  morphology	  in	  C.	  elegans.	  The	  calm-­‐1	   locus	  encodes	  
for	  an	  EF	  hand	  protein,	  and	  we	  have	  found	  that	  it	  interacts	  genetically	  in	  the	  same	  
pathway	  as	  the	  voltage-­‐gated	  calcium	  channel	  (VGCC)	  subunits	  UNC-­‐2	  and	  UNC-­‐36	  
to	   regulate	   NMJ	   morphology.	   Genetic	   analysis	   suggests	   synaptic	   morphology	  
regulation	   through	   VGCCs	   and	   CALM-­‐1	   contrasts	   with	   the	   role	   of	   the	   ECM	  
component	   nidogen	   and	   the	   leukocyte-­‐common	   antigen	   related	   receptor	   tyrosine	  
phosphatase	  PTP-­‐3.	  With	  these	  contrasting	  roles,	  calcium	  signaling	  components	  and	  
cellular	   adhesion	   molecules	   work	   to	   provide	   a	   temporal	   switch	   that	   allows	   for	  
synaptic	   stabilization	   and	   growth.	   This	   supports	   our	   previous	   results	   that	  
demonstrate	   synapses	   form	  by	   elongation	   and	   division	   during	   development	   in	   an	  
UNC-­‐2-­‐dependent	  manner.	  
	  
calm-­‐1	   functions	   cell	   autonomously	   and	   downstream	   of	   VGCCs	   to	   regulate	  
synaptic	  morphology	  	  
Nidogen	  and	   the	   tyrosine	  phosphatase	  PTP-­‐3/LAR	  cooperate	   to	   anchor	   the	  
active	  zone	  regulator	  liprin-­‐α	  (SYD-­‐2)	  at	  presynaptic	  areas	  [43].	  The	  nature	  of	  this	  
interaction	   likely	   provides	   an	   adhesive	   force	   that	   constricts	   synaptic	   material	   to	  
discrete	   subcellular	   regions,	   as	   loss	   of	   function	  mutations	   result	   in	   a	   diffusion	   of	  
synaptic	  puncta.	  We	  have	  previously	  shown	  mutations	  in	  unc-­‐2	  and	  unc-­‐36	  suppress	  
the	   synaptic	   morphology	   defects	   associated	   with	   nid-­‐1	   and	   ptp-­‐3,	   indicating	   the	  
elongated	  shape	  requires	  proper	  VGCC	  function	  [14].	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Here,	  we	  find	  calm-­‐1,	  which	  encodes	  a	  calcium-­‐binding	  protein	  orthologous	  
to	   the	   human	   calcium-­‐	   and	   integrin-­‐binding	   protein,	   acts	   cell	   autonomously	   and	  
downstream	  of	  unc-­‐2	  and	  unc-­‐36	   to	   regulate	  NMJ	  morphology	  of	  C.	  elegans	  D-­‐type	  
GABAergic	   motor	   neurons.	  These	   data	   suggest	   CALM-­‐1	   links	   VGCC	   function	   with	  
morphological	   changes	   at	   the	   synapse.	   Most	   work	   detailing	   VGCC	   function,	  
regardless	   of	   system,	   has	   focused	   on	   its	   role	   in	   neuronal	   physiology	   and	   synaptic	  
morphology,	   leaving	   the	   question	   of	   potential	   downstream	  molecules	   unresolved.	  
One	  example	  of	  VGCC	  and	  calcium-­‐binding	  protein	  interaction	  is	  at	  Drosophila	  NMJs.	  
Frequenin/NCS-­‐1	  regulates	  presynaptic	  bouton	  number	  and	  synaptic	  firing	  through	  
the	  α1	  subunit	  cacophony,	  presumably	  activating	  VGCC	  to	  control	  morphology	  [86].	  
Thus,	  due	  to	  differences	   in	  organism,	  neuron	  type	  and	  calcium-­‐binding	  properties,	  
various	  calcium-­‐binding	  proteins	  can	  act	  both	  upstream	  and	  downstream	  of	  VGCCs	  
to	  regulate	  synaptic	  structure.	  	  
Interestingly,	   unlike	   mutations	   in	   unc-­‐2,	   unc-­‐36	   and	   other	   synaptic	  
transmission	   mutants,	   calm-­‐1	   mutants	   are	   not	   uncoordinated	   (Unc).	   And	   the	  
suppression	   of	   the	   unc-­‐2(gof)	   synaptic	   phenotype	   by	   calm-­‐1	   mutants	   is	   not	  
accompanied	   by	   the	   suppression	   of	  unc-­‐2(gof)	  behavioral	   defects.	   By	   displaying	   a	  
non-­‐Unc	   behavioral	   phenotype	   with	   synaptic	   morphology	   defects,	   mutations	   in	  
calm-­‐1	  suggest	   it	   functions	   independent	  of	  neurotransmission	   to	  regulate	  synaptic	  
structure.	  Supporting	  this,	  mutations	  in	  unc-­‐13,	  required	  for	  synaptic	  transmission,	  
do	   not	   have	   suppress	   defects	   in	   the	   shape	   of	   SNB-­‐1::GFP	   puncta	   present	   in	  nid-­‐1	  
mutants	  [14,	  36].	  These	  results	   fit	   into	  recent	  accumulating	  evidence	  that	  synaptic	  
structure	   can	   be	   regulated	   independent	   of	   synaptic	   firing	   [14,	   15,	   23,	   24].	   Taken	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together,	   VGCCs	   also	   provide	   a	   role	   in	   developmental	   synaptic	   growth,	   involving	  
distinct,	   or	   temporally	   regulated,	   molecules	   than	   activity-­‐dependent	   synaptic	  
growth.	  	  	  
	  
Calcium	  signaling	  and	  its	  role	  in	  modulating	  synaptic	  adhesion	  
We	   are	   classifying	   genes	   with	   mutant	   phenotypes	   that	   result	   in	   enlarged,	  
irregularly	   shaped	   puncta	   (nid-­‐1,	   rack-­‐1,	   ptp-­‐3,	   and	   unc-­‐2(gof))	   as	   defective	   in	  
synaptic	  adhesion;	  while	   the	  genes	  with	  mutant	  phenotypes	   that	  are	  enlarged	  but	  
symmetrical	   shaped	   (unc-­‐2(lof),	   calm-­‐1	   and	   unc-­‐36).	   The	   unc-­‐2	  mutants	   are	   also	  
characterized	   by	   a	   failure	   to	   undergo	   normal	   elongation	   and	   division	   during	  
development,	   suggesting	   they	  are	  defective	   in	   synapse	  expansion.	  We	  hypothesize	  
synaptic	   adhesion	   and	   expansion	   exist	   in	   a	   balance	   that	   is	   regulated	   by	   temporal	  
calcium	   signaling.	   First,	   the	   elongated	   mutant	   synaptic	   puncta	   resemble	   the	  
intermediate	   stage	   of	   synaptic	   growth,	   regulated	   by	  unc-­‐2,	   observed	   during	  wild-­‐
type	  C.	  elegans	  development	  [14].	  This	  suggests	  proper	  calcium	  channel	  function	  is	  
required	   for	   normal	   synaptic	   dynamics.	   Second,	   hyperactivated	   UNC-­‐2	   signaling	  
mimics	   the	   synaptic	   defects	   of	   loss	   of	   molecules	   required	   for	   cellular	   adhesion,	  
indicating	  that	  calcium	  channel	   function	  needs	  to	  be	  regulated	  for	  proper	  synaptic	  
morphology.	  Finally,	   removing	  wild-­‐type	  calcium	  signaling	   from	  adhesion	  mutants	  
suppresses	  the	  associated	  elongated	  defects.	  	  
These	  results	  imply	  synaptic	  morphological	  changes	  require	  downregulation	  
of	   synaptic	   adhesion	  molecules	   to	   initiate	   the	  diffusion	  of	   synaptic	  molecules	   into	  
adjacent	   axonal	   regions.	   Accompanying	   downregulation	   of	   adhesion	   molecules,	  
changes	   in	   intracellular	  calcium	  concentration	  activate	  secondary	  messengers	   that	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finalize	   synapse	   expansion.	   The	   budding	   of	   synaptic	   areas	   then	   requires	   these	  
changes	  in	  adhesion	  and	  calcium	  signaling	  to	  be	  reversed,	  to	  allow	  for	  new	  synapses	  
to	  occur	  (Fig.	  3.6).	  
Our	   genetic	   analysis	   suggests	   genes	   required	   for	   synapse	   expansion	   are	  
epistatic	  to	  synapse	  adhesion	  molecules,	  as	  double	  mutants	  all	  suppress	  elongated	  
phenotypes	   associated	   with	   adhesion	   genes.	   The	   calcium-­‐dependent	   biochemical	  
interaction	  between	  CALM-­‐1	  and	  RACK-­‐1	  may	  indicate	  a	  point	  where	  the	  switch	  in	  
synaptic	  adhesion	  may	  occur.	  RACK-­‐1	  possesses	  seven	  WD40-­‐repeat	  motifs,	  which	  
allow	   it	   to	   interact	  with	  a	  diverse	  range	  of	  proteins	   [88].	   Interestingly,	  calmodulin	  
interacts	  with	   another	  WD-­‐repeat	   protein,	   striatin,	   in	   neurons,	   and	   is	   responsible	  
for	  striatin	  subcellular	  redistribution	  [92].	  The	  CALM-­‐1/RACK-­‐1	  interaction	  we	  see	  
may	  operate	  in	  a	  similar	  manner.	  	  
Previous	   work	   has	   found	   rack-­‐1	   works	   cell	   autonomously	   in	   the	   D-­‐type	  
motor	  neurons	   to	  control	  axon	  pathfinding	   [89].	  We	   find	  rack-­‐1(lof)	  mutants	  have	  
enlarged	  SNB-­‐1::GFP	  puncta	  in	  the	  D-­‐type	  motor	  neurons,	  similar	  to	  nid-­‐1,	  ptp-­‐3	  and	  
unc-­‐2(gof)	  mutants.	  Moreover,	  like	  mutations	  in	  nid-­‐1,	  ptp-­‐3	  and	  unc-­‐2(gof)	  mutants,	  
calm-­‐1	   was	   able	   to	   suppress	   the	   defects	   seen	   in	   rack-­‐1	  mutants.	   These	   results	  
indicate	  RACK-­‐1	  promotes	   synaptic	   adhesion	   similar	   to	   the	   extracellularly	   located	  
NID-­‐1	  and	  the	  transmembrane	  protein	  PTP-­‐3.	  	  
How	   would	   RACK-­‐1	   aid	   in	   synaptic	   adhesion?	   One	   possible	   way	   is	   by	  
providing	  support	  for	  the	  PTP-­‐3	  and	  NID-­‐1	  adhesive	  complex.	  PTP-­‐3	  and	  NID-­‐1	  act	  
to	  stabilize	  the	  synaptic	  organizing	  molecule	  SYD-­‐2/liprin-­‐α	  at	  synapses	  by	  residing	  
in	   the	   plasma	  membrane	   and	   extracellular	  matrix,	   respectively	   [43].	   RACK-­‐1	  may	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act	  as	  a	  scaffolding	  molecule	  adjacent	  to	  the	  cell	  membrane	  to	  cluster	   liprin-­‐α	  and	  
other	  presynaptic	  components	  through	  the	  formation	  of	  multi-­‐protein	  complexes.	  In	  
cell	   culture,	   RACK-­‐1	   interacts	   with	   PTPμ	   at	   cell-­‐cell	   contact	   points	   [91].	   Further	  
work	   looking	   at	   the	   interaction	  between	  RACK-­‐1	   and	  PTP-­‐3,	   both	   in	   the	  presence	  
and	   absence	   of	   CALM-­‐1,	   at	   C.	   elegans	   NMJ	   would	   help	   provide	   insight	   into	   the	  
molecular	  mechanisms	  of	  synaptic	  structural	  modulation.	  	  
A	   similar	   process	   of	   dynamic	   assembly	   and	   disassembly	   of	   synaptic	   areas	  
occurs	   at	   Drosophila	   NMJs,	   involving	   the	   cellular	   adhesion	   molecule	   Fasciclin	   II	  
(FasII).	   In	   this	   system,	   the	   specific	   amount	   of	   FasII	   determines	   synaptic	   bouton	  
number	   in	   Drosophila,	   as	   null	   mutants	   have	   fewer	   boutons,	   compared	   with	  
hypomorphic	  mutants	   that	  possess	   increased	  synaptic	  areas	   [93].	   In	  contrast	  with	  
the	  increase	  in	  synaptic	  growth	  of	  FasII	  mutants,	  synaptic	  activity	  is	  not	  altered	  [94].	  
These	   data	   indicate	   levels	   of	   FasII	   have	   a	   structural	   role	   in	   synaptic	   structural	  
plasticity.	  	  
Moreover,	  in	  vivo	  time-­‐lapse	  imaging	  of	  developing	  larvae	  found	  instances	  of	  
lower	   levels	   of	   FasII	   at	   regions	   of	   synaptic	   connections	   that	   undergo	   a	   budding	  
process	   that	   produces	   new	   synaptic	   boutons	   [52].	   Additionally,	   FasII	   levels	   are	  
reduced	   in	   the	   potassium	   channel	   double	   mutant	   ether-­‐a-­‐go-­‐go	   Shaker	   (eag	   Sh),	  
which	  results	  in	  increased	  synaptic	  activity	  and	  bouton	  growth	  [94].	  FasII	  levels	  are	  
also	   reduced	   in	   hyperactivated	   CaMKII	   mutants	   that	   lead	   to	   increased	   synaptic	  
bouton	   size,	   and	   are	   similar	   to	   loss-­‐of-­‐function	   mutations	   in	   synaptic	   scaffolding	  
molecule	   Discs	   large	   (Dlg)	   [81].	   Thus,	   synaptic	   bouton	   growth	   seems	   to	   require	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CaMKII	   phosphorylation	   of	   Dlg,	   preventing	   Dlg	   from	   contacting	   FasII	   to	   stabilize	  
synaptic	  areas.	  
In	   conclusion,	   the	   balance	   between	   synaptic	   stability	   and	   growth	   in	   the	  C.	  
elegans	   GABAergic	   NMJs	   is	   modulated	   by	   the	   dynamic	   interactions	   that	   control	  
either	  synaptic	  adhesion	  or	  expansion.	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Section	  3.5	  Materials	  and	  Methods	  
Caenorhabditis	  elegans	  strains	  
All	   following	   strains	  were	  maintained	   at	   20-­‐22.5°C	   as	  previously	  described	  
[83].	   The	   following	   alleles	   and	   double	  mutants	   were	   used	   in	   this	   study:	   N2	   (var.	  
Bristol),	   juIs1(Punc-­‐25::SNB-­‐1::GFP),	   calm-­‐1(tm1353),	   rack-­‐1(tm2262),	   unc-­‐2(zf35),	  
ptp-­‐3(mu256),	  nid-­‐1(cg119),	  unc-­‐2(e55),	  unc-­‐36(e251),	  calm-­‐1(tm1353);	  unc-­‐2(zf35),	  
calm-­‐1(tm1353);unc-­‐36(e251),	   calm-­‐1(tm1353);ptp-­‐3(mu256),	   calm-­‐1(tm1353);unc-­‐
2(zf35),	   calm-­‐1(tm1353);rack-­‐1(tm2262).	   Transgenic	   animals	   were	   generated	   by	  
germline	  transformation	  as	  previously	  described	  [84].	  
	  
Molecular	  biology	  
A	  calm-­‐1	  genomic	  fragment	  (including	  endogenous	  promoter)	  was	  amplified	  
using	   pF30A10.1	   F1	   and	   F30A10.1	   R1	   to	   make	   pBA245	   and	   recombined	   into	  
(pDT57)	   to	   create	   Pcalm-­‐1::CALM-­‐1::GFP	   (pBA251).	   pBA251	   was	   injected	   at	  
45ng/μL	  into	  calm-­‐1(tm1353)	  to	  create	  EVL114	  (lhEx36).	  (Building	  of	  construct	  and	  
injection	  done	  by	  Dr.	  Brian	  Ackley.)	  To	  visualize	   if	  CALM-­‐1	  was	   localized	   in	  GABA	  
neurons,	   Pcalm-­‐1::CALM-­‐1::tagRFP	   was	   generated	   by	   recombining	   pBA245	   into	  
pEVL334	   (tag-­‐RFP	   +	   let	   858	   3’	   UTR)	   using	   LR	   clonase	   Gateway	   System	   (Life	  
technology)	   to	   create	   pEVL395.	   This	  was	   injected	   into	   juIs1	  at	   10ng/μL	   to	   create	  
EVL1001.	  A	  calm-­‐1	  genomic	  fragment	  (minus	  endogenous	  promoter	  including	  the	  3’	  
UTR)	  was	  amplified	  using	   the	   following	  primers:	  calm-­‐1	  ATG	  F1	   and	  calm-­‐1	  3′UTR	  
R1.	  This	  product	  was	  recombined	  into	  pEVL387	  (Punc-­‐25::mCherry::unc-­‐43	  3’	  UTR)	  
by	   using	   the	   InFusion	   enzyme	   (Clontech)	   to	   generate	   pEVL408	   (Punc-­‐
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25::mCherry::calm-­‐1::calm-­‐1	   3′UTR).	   The	   pEVL408	   plasmid	  was	   injected	   into	   juIs1	  
animals	   at	   10ng/μL	   to	   create	   EVL1204	   (lhEx389),	   and	   crossed	   into	   calm-­‐
1(tm1353);juIs1	   to	   create	   EVL1218	   for	   SNB-­‐1::GFP	   colocalization	   analysis	  
(Undergraduate	   Gavin	   Hanson	   crossed	   rescue	   construct	   into	   tm1353	   animals).	  
RACK-­‐1	  and	  RAB-­‐3	   colocalization	  experiment	  was	  visualized	  by	   injecting	  pEVL26	  
(Punc-­‐25::mcherry::rab-­‐3)	  into	  lqIs174	  (Punc-­‐25::rack-­‐1	  gDNA::gfp)	  at	  5	  ng/μL	  
to	  create	  EVL352.	  	  
	  
Image	  analysis	  
Neuromuscular	   junction	   morphology	   of	   GABAergic	   VD	   neurons	   was	  
visualized	  by	  juIs1	  [Punc-­‐25	  SNB-­‐1::GFP].	  All	  images	  were	  collected	  on	  an	  Olympus	  
FV1000	   confocal	   microscope	   equipped	   with	   Fluoview	   software.	   Images	   were	  
acquired	  using	  multi-­‐track	  parameters	  when	  necessary	  (calm-­‐1	  rescue),	  with	  either	  
a	  60X	  Plan-­‐apochromat	  objective.	  Animals	  were	  anesthetized	  using	  0.5%	  phenoxy-­‐
propanol	  (TCI	  America)	  in	  M9	  and	  mounted	  on	  2%	  agarose	  pads.	  Measurements	  of	  
SNB-­‐1::GFP	   were	   as	   described,	   with	   minor	   modifications	   [42].	   All	   images	   were	  
collected	   using	   the	   exact	   same	  microscope	   settings.	   Briefly,	   confocal	   images	  were	  
projected	   into	  a	   single	  plane	  using	   the	  maximum	  projection	  and	  exported	  as	  a	   tiff	  
file	  with	  a	  scale	  bar.	  Using	  ImageJ	  the	  files	  were	  converted	  to	  a	  binary	  image	  using	  
the	   threshold	   command,	   so	   that	   the	   binary	   image	   resembled	   the	   RGB	   image.	   A	  
region	  of	   interest	  was	  drawn	  around	  SNB-­‐1	  puncta	   in	   the	  ventral	  nerve	  cord.	  The	  
following	   measurement	   options	   were	   selected:	   Area,	   Center	   of	   Mass,	   Circularity,	  
Perimeter,	  Fit	  Ellipse,	  and	  Limit	  to	  Threshold.	  Scaling	  was	  set	  by	  measuring	  the	  scale	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bar.	  The	  “Analyze	  Particle”	  command	  was	  used	  with	  a	  minimum	  of	  four	  pixels	  and	  
no	   maximum	   size.	   The	   following	   options	   were	   selected:	   Outline	   Particles,	   Ignore	  
Particles	   Touching	   Edge,	   Include	   Interior	   Holes	   and	   Reset	   Counter.	   The	   resulting	  
measurements	   were	   exported	   to	   Microsoft	   Excel	   for	   statistical	   analysis.	  
Comparisons	   of	   single	  mutants	   and	   double	  mutants	   to	   the	  wild	   type,	   or	   specified	  
genotype,	  were	  tested	  by	  Students	  two-­‐tailed	  t-­‐test.	  
	  
Protein	  purification	  and	  CALM-­‐1	  pulldown:	  	  
calm-­‐1	   cDNA	   was	   recombined	   into	   pDEST17	   using	   LR	   recombinase	   (Life	  
Technologies)	   according	   to	   manufacturer’s	   directions	   to	   create	   pEVL25,	   and	  
transformed	  into	  BL21(DE3)	  bacteria.	  Bacteria	  were	  grown	  to	  OD=600	  and	  induced	  
with	  1mM	  IPTG	   for	   three	  hours	  at	  37°C.	  Bacteria	  were	  collected	  by	  centrifugation	  
and	  pellets	   frozen	   in	   liquid	  nitrogen.	   Pellets	  were	   lysed	   and	  dialyzed	   into	  binding	  
buffer.	   6His-­‐CALM-­‐1	   was	   purified	   by	   affinity	   chromatography	   using	   nickel	   resin	  
(Qiagen).	  	  
To	  collect	  animals	  for	  CALM-­‐1	  pulldown,	  N2	  animals	  were	  grown	  on	  HB101;	  
washed	   off	   plates	   with	   M9	   and	   incubated	   with	   additional	   HB101,	   500μL	  
streptomycin	   (100μg/μL),	   500μL	   of	   5mg/ml	   cholesterol	   and	   M9	   up	   to	   500mL;	  
shaken	   at	   room	   temperature	   for	   three	   days;	   liquid	   spun	   down	   and	   supernatant	  
frozen	   and	   then	   lysed	   with	   worm	   lysis	   buffer	   (1xPBS,	   10%	   glycerol,	   0.1%	   NP40,	  
0.1%	   Tween	   20	   and	   1mM	   PMSF).	   Solution	   was	   spun	   down	   and	   supernatant	  
incubated	   with	   calcium	   binding	   buffer	   (20mM	   HEPES,	   100mM	   KCL,	   2mM	   CaCl2,	  
0.1%	  NP-­‐40,	  0.1%	  Tween-­‐20,	  pH	  7.4)	  and	  incubated	  with	  CALM-­‐1	  column	  overnight.	  
CALM-­‐1	  column	  was	  prepared	  by	  immobilizing	  to	  CNBr-­‐activated	  sepharose	  beads	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(GE	   Life	   Sciences;	   formerly	   Amersham	   Biosciences).	   Column	   was	   washed	   with	  
calcium	   binding	   buffer,	   and	   interacting	   proteins	   were	   removed	   with	   250μL	   of	  
elution	  buffer	  (20mM	  HEPES,	  100mM	  KCL,	  5mM	  EDTA,	  0.1%	  NP-­‐40,	  0.1%	  Tween-­‐
20,	  pH	  7.4)	  Samples	  were	  concentrated	  by	   trichloroacetic	  acid	  (TCA)	  precipitation	  
and	   run	   on	   a	   7.5%	   SDS	   gel.	   Gel	   bands	  were	   excised	   and	   analyzed	   by	  MALDI-­‐TOF	  
mass	  spectrometry	  (University	  of	  Kansas	  MSPCL	  lab).	  
	  
RACK-­‐1	  confirmation	  binding	  experiments:	  	  
A	   calm-­‐1	   cDNA	   was	   recombined	   into	   pDEST15	   and	   a	   rack-­‐1	   cDNA	   was	  
recombined	   into	  pDEST17	  using	  LR	   recombinase	   (Life	  Technologies)	   according	   to	  
manufacturer’s	   directions	   and	   individually	   transformed	   into	   BL21(DE3)	   bacteria.	  
Bacteria	  were	   grown	   to	  OD=600	  and	   then	  proteins	  were	   induced	  with	  1mM	   IPTG	  
and	  grown	  overnight	  (16	  hours)	  at	  37	  °C.	  Bacteria	  were	  collected	  by	  centrifugation	  
and	  pellets	   frozen	   in	   liquid	  nitrogen.	   Pellets	  were	   lysed	   and	  dialyzed	   into	  binding	  
buffer.	  GST-­‐CALM-­‐1	  was	  purified	  by	  affinity	  chromatography	  using	  GST	  sepharose	  
and	  6-­‐His-­‐RACK-­‐1	  was	  purified	  via	  Ni++	  resin.	  
Proteins	  were	  mixed	  at	  1:1	  mixture	  in	  phosphate	  buffer	  supplemented	  with	  
EDTA	  or	  Ca2+	  as	  indicated.	  Protein	  mixtures	  were	  purified	  via	  Ni2+	  resin	  (Qiagen),	  
and	   eluted	   using	   300	  mM	   imidazole	   according	   to	  manufacturer’s	   directions.	   Flow	  
through	  fractions	  were	  collected,	  and	  volumes	  of	  elution	  fractions	  were	  adjusted	  to	  
be	  equal	  to	  the	  flow	  through.	  Elutions	  and	  flow	  through	  fractions	  were	  separated	  by	  
SDS-­‐PAGE	  and	  transferred	  to	  nylon	  membrane	  for	  western	  blotting.	  We	  probed	  for	  
CALM-­‐1	   in	   the	   elution	   and	   flow	   through	   fractions	   using	   an	   anti-­‐GST	   antibody.	  
(Confirmation	  RACK-­‐1	  studies	  were	  conducted	  by	  Dr.	  Brian	  Ackley.)	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  3.6	  Figures	  
	  
Figure	  3.1	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Figure	   3.1	   Synaptic	   defects	   associated	   with	   nid-­‐1	   and	   ptp-­‐3	   mutants	   are	  
suppressed	  by	  calm-­‐1	  (A)	  Schematic	  representation	  of	  D-­‐type	  motor	  neurons.	  VD	  
neurons	   have	   presynaptic	   areas	   (green	   circles)	   that	   innervate	   the	   ventral	  muscle	  
wall;	  whereas	   DD	   neurons	   have	   their	   presynaptic	   areas	   that	   innervate	   the	   dorsal	  
muscle	  wall.	   Cell	   bodies	   (blue	   circles)	  of	  both	  neurons	   reside	   in	   the	  ventral	  nerve	  
cord.	  (B)	  Wild-­‐type	  animals	  have	  punctate	  shaped	  SNB-­‐1::GFP	  areas	  that	  are	  regular	  
spaced	  along	  the	  nerve	  cord	  (arrow).	  Cell	  bodies	  are	   indicated	  by	   the	  asterisk.	   (C)	  
nid-­‐1(cg119)	  have	  elongated	  (arrows)	  and	  often	  irregularly	  shaped	  puncta	  (D)	  calm-­‐
1(tm1353)	   allele	   suppressed	   the	   defects	   observed	   in	   nid-­‐1	   mutants.	   (E)	   calm-­‐1	  
mutants	   have	   enlarged	   synaptic	   areas	   when	   compared	   to	   wt.	   (F)	   ptp-­‐3	   mutants	  
show	   enlarged	   and	   disrupted	   SNB-­‐1::GFP	   areas.	   (G)	   Removing	   calm-­‐1	   from	   ptp-­‐3	  
rescued	  synaptic	  phenotype	  back	  to	  area	  seen	   in	  wild	   type.	   (H)	  Bar	  graph	  of	  SNB-­‐
1::GFP	   area.	   N>180	   puncta;	   *P<0.05,	   **P<0.001.	   Statistical	   significance	   was	  
calculated	  by	  using	  the	  Student’s	  t-­‐test.	  Error	  bars	  represent	  the	  Standard	  Error	  of	  
the	  Mean	  (SEM).	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Figure	  3.2	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Figure	   3.2	   calm-­‐1	  encodes	   for	   a	   calcium	   binding	   protein	   (A)	   CALM-­‐1	   protein	  
(201	  amino	  acids)	  is	  an	  ortholog	  of	  the	  calcium-­‐	  and	  integrin-­‐binding	  proteins	  (also	  
known	   as	   calmyrin).	   It	   has	   three	   predicted	   calcium-­‐binding	   EF-­‐hand	   motifs	   (As	  
predicted	  by	  Simple	  Modular	  Architecture	  Research	  Tool	   (SMART):	  EF1	  =	  84-­‐112;	  
EF2	  =	  121-­‐149;	  EF3	  =	  162-­‐190),	  along	  with	  a	  putative	  myristoylation	  site	  (marked	  
by	   asterisk)	   beginning	   at	   G2	   of	   the	   protein.	   Sequence	   similarity	   computed	   as	  
through	   PBIL	   Lyon-­‐Gerland.	   Scale	   bar	   is	   equivalent	   to	   25	   amino	   acids.	   Positions	  
highlighted	  in	  yellow	  indicate	  EF-­‐hand	  conserved	  calcium	  binding	  residues.	  (B)	  The	  
calm-­‐1	   locus	   consists	   of	   four	   exons,	   and	   endogenous	   expression	   constructs	  
contained	  1.4kb	  of	  upstream	  sequence.	  The	  deletion	  allele	  tm1353	  removes	  the	  first	  
coding	   exon,	   5’UTR,	   and	   a	   portion	   of	   the	   first	   intron.	   It	   is	   believed	   to	   be	   a	   null	  
mutant.	  Scale	  bar	  =	  100bp.	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Figure	  3.3	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Figure	   3.3	   calm-­‐1	   acts	   downstream	   of	   voltage-­‐gated	   calcium	   channels	   in	  
presynaptic	  morphology	  (A-­‐D)	  unc-­‐36(e251)	  (A)	  and	  unc-­‐2(e55)	  (C)	  have	  enlarged	  
synaptic	  areas	  compared	  to	  wild	  type.	  unc-­‐36	  encodes	  for	  the	  α2δ	  subunit,	  and	  unc-­‐2	  
encodes	   for	   the	   α1	   of	   the	   VGGCs.	  unc-­‐36;	   calm-­‐1	  (B)	   and	  unc-­‐2;calm-­‐1	  (D)	   double	  
mutants	  show	  similar	  sizes	  compared	  to	  each	  single	  mutant,	  indicating	  they	  work	  in	  
a	   similar	   pathway	   to	   regulate	   synaptic	  morphology.	   (E)	   An	  unc-­‐2	   gain-­‐of-­‐function	  
allele,	   (zf35),	   showed	   enlarged	   synaptic	   areas	   similar	   to	  nid-­‐1	  mutants.	   (F)	   These	  
defects	   were	   reduced	   in	   the	   loss-­‐of-­‐function	   calm-­‐1	  mutant.	   (G)	   unc-­‐2(zf35);	   nid-­‐
1(cg119)	  double	  mutants	  are	  not	  significantly	   increased	   from	  either	  single	  mutant	  
(H)	   unc-­‐2(zf35)	   hyperactive	   reversal	   behavior	   is	   reduced,	   but	   not	   completely	  
suppressed	  by	  calm-­‐1.	  Number	  of	  reversals	  averaged	  from	  30	  animals/genotype.	  (I)	  
Bar	   graph	  of	   SNB-­‐1::GFP	   area.	  N>180	  puncta;	   *P<0.05.	   Statistical	   significance	  was	  
calculated	  by	  using	  the	  Student’s	  t-­‐test.	  Error	  bars	  represent	  the	  Standard	  Error	  of	  
the	  Mean	  (SEM).	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Figure	  3.4	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Figure	   3.4	   Expression	   of	   calm-­‐1	   is	   observed	   ubiquitously	   and	   throughout	  
development	   Panels	   are	   expressing	   Pcalm-­‐1::CALM-­‐1::GFP	   (A)	   Endogenous	  
expression	  of	  calm-­‐1	  is	   located	  ubiquitously	   throughout	  development,	   represented	  
by	  expression	  in	  L1	  animal.	  (B)	  Expression	  is	  also	  observed	  in	  vulva	  muscles	  of	  adult	  
animals	   (arrows).	   (C)	   Majority	   of	   expression	   is	   observed	   in	   muscle	   and	   nervous	  
system.	  Expression	  is	  seen	  in	  both	  muscle	  arms	  (asterisks)	  and	  dense	  bodies	  of	  the	  
body	  wall	  muscles	  (arrowhead)	  and	  in	  the	  nerve	  cord	  (arrow).	  Unlabeled	  scale	  bars	  
are	  10μm.	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Figure	  3.5	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Figure	  3.5	  calm-­‐1	  can	  function	  cell	  autonomously	  in	  GABAergic	  motor	  neurons	  
to	   regulate	   synaptic	  morphology	   (A-­‐C)	  Colocalization	  of	  CALM-­‐1::RFP	  and	  SNB-­‐
1::GFP	   in	  GABAergic	  D-­‐type	  neurons.	  Pcalm-­‐1::CALM-­‐1::tagRFP	   is	   localized	   in	  both	  
cholinergic	  and	  GABAergic	  motor	  neurons.	   Its	   localization	   in	   the	  GABAergic	  motor	  
neurons	   is	   identified	  by	  comparing	   its	  expression	  using	   the	  synaptic	  marker	   juIs1.	  
The	  colocalization	  between	  juIs1	  and	  CALM-­‐1	  protein	  is	  observed	  in	  both	  cell	  bodies	  
(arrow)	   and	   in	   regions	   with	   SNB-­‐1::GFP	   (asterisk).	   Colocalization	   does	   appear	   at	  
intersynaptic	   regions.	   (D)	  Punc-­‐25::mCherry::CALM-­‐1	  expression	   in	  GABA	  neurons	  
was	  able	   to	   rescue	  SNB-­‐1::GFP	  defect	  of	  calm-­‐1	  mutants.	  Bar	  graph	  of	   SNB-­‐1::GFP	  
area.	   N>180	   puncta;	   *P<0.05,	   **P<0.001.	   Statistical	   significance	  was	   calculated	   by	  
using	   the	   Student’s	   t-­‐test.	   Error	   bars	   represent	   the	   Standard	   Error	   of	   the	   Mean	  
(SEM).	  Scale	  bar	  is	  10μm.	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Figure	  3.6	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Figure	   3.6	   rack-­‐1	   phenocopies	   nid-­‐1	   synaptic	   defects,	   and	   is	   suppressed	  
reduced	  with	  loss	  of	  calm-­‐1	  (A)	  6-­‐His-­‐RACK-­‐1	  and	  GST-­‐CALM-­‐1	  were	  mixed	  at	  an	  
equimolar	  ratio	  in	  increasing	  concentrations	  of	  calcium.	  After	  purifying	  6-­‐His-­‐RACK-­‐
1	   using	  Ni2+-­‐agarose,	  we	   probed	   for	   GST-­‐CALM-­‐1	   using	   an	   anti-­‐GST	   antibody.	  We	  
found	   that	   RACK-­‐1	   and	   CALM-­‐1	   can	   physically	   interact	   in	   a	   calcium-­‐dependent	  
manner	   	   (B)	  Gene	   structure	   of	   rack-­‐1.	  The	   tm2262	  allele	   has	   an	   in	   frame	  deletion	  
that	   is	   likely	   a	   strong	   loss	   of	   function.	   (C)	   Similar	   to	  nid-­‐1,	   rack-­‐1(tm2262)	  shows	  
increased	  SNB-­‐1::GFP	  areas,	  having	  both	  elongated	  and	  malformed	  puncta.	  (D)	  The	  
defects	  observed	   in	  rack-­‐1	  mutants	  were	  reduced	   in	  calm-­‐1;rack-­‐1	  double	  mutants	  
(E-­‐G)	  RACK-­‐1	  colocalized	  with	  the	  synaptic	  vesicle	  marker	  RAB-­‐3	  (H)	  Bar	  graph	  of	  
SNB-­‐1::GFP	   area.	   N>180	   puncta;	   *P=0.05,	   **P<0.001.	   Statistical	   significance	   was	  
calculated	  by	  using	  the	  Student’s	  t-­‐test.	  Error	  bars	  represent	  the	  Standard	  Error	  of	  
the	  Mean	  (SEM).	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Figure	  3.7	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Figure	   3.7	   Model	   of	   developmental	   synaptic	   growth	   (A)	   Synapses	   are	  
established	   de	   novo	   and	   exist	   in	   a	   homeostasis.	   (B)	   In	   response	   to	   unidentified	  
growth	   signal,	   presynaptic	   areas	   start	   to	   increase	   in	   size.	   The	   increase	   in	   size	   is	  
governed	   by	   calcium	   signaling	   and	   a	   reduction	   in	   nidogen-­‐mediated	   adhesion,	  
which	   drives	   expansion	   of	   synaptic	   areas	   to	   an	   intermediate	   stage.	   (C)	   Enlarged	  
synaptic	  areas,	  once	  again	   in	  response	  to	  an	  unidentified	  signal,	  reverse	  to	  a	  more	  
adhesive	   state,	   which	   requires	   a	   decrease	   in	   calcium	   signaling	   and	   increase	   in	  
nidogen-­‐mediated	  adhesion.	  (D)	  The	  end	  result	  of	  this	  process	  is	  the	  establishment	  
of	   two	   synaptic	   connections	   from	   a	   single	   preexisting	   synapse.	   This	   secondary	  
mechanism	  of	  synapse	  growth,	  supplementing	  de	  novo	  addition,	  may	  help	  provide	  a	  
rapid	  increase	  in	  synapses	  that	  must	  accompany	  organismal	  growth.	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Section	  3.7	  Tables	  
Table	  3.1	  Enhancers	  of	  nid-­‐1(cg119)	  synaptic	  phenotype	  	  
Gene	   Brief	  description	  
acd-­‐1	  
	  
Acid	  sensitive	  Degenerin	  
D2092.1	  
	  
C2	  calcium-­‐binding	  motif-­‐containing	  protein	  
W04A4.4	  
	  
Calpain	  thiol	  protease	  
asic-­‐2	  
	  
Acid-­‐sensing/Amiloride-­‐Sensitive	  Ion	  Channel	  family;	  
mechanosensory	  protein	  like	  
F46A8.7	  
	  
Unknown	  function	  
	  	  best-­‐26	   Bestrophin	  (chloride	  channel)	  homolog	  
ncs-­‐2	  
	  
Ca2+	  sensor	  (EF-­‐Hand	  superfamily);	  neuronal	  calcium	  sensor	  
spp23	  
	  
Saposin-­‐like	  protein	  family	  
	  	  dapk-­‐1	   Death	  associated	  protein	  kinase	  homolog	  –	  ankryin	  and	  
protein	  kinase	  
eva-­‐1	  
	  
Enhancer	  of	  unc-­‐40	  ventral	  axon	  guidance	  defects	  
	  
*List	  of	  confirmed	  enhancers	  of	  nid-­‐1	  synaptic	  phenotype.	  Genes	  were	  identified	  in	  an	  RNAi	  
screen	   looking	   for	  modifiers	   of	   the	   enlarged	   SNB-­‐1::GFP	  puncta	   observed	   in	  nid-­‐1(cg119)	  
animals.	  Genes	  of	  interest	  first	  identified	  by	  knockdown	  that	  resulted	  in	  qualitatively	  larger	  
puncta,	  followed	  by	  confirmation	  of	  enhancement	  through	  measuring	  synaptic	  areas.	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Table	  3.2	  Suppressors	  of	  nid-­‐1(cg119)	  synaptic	  phenotype	  	  
Gene	   Brief	  description	  
mks-­‐6	  
	  
C2	  calcium-­‐binding	  motif-­‐containing	  protein	  
calm-­‐1	  
	  
Calcium-­‐	  and	  integrin-­‐binding	  protein	  
W04A8.2	  
	  
Unknown	  function	  
	  	  ipgm-­‐1	   Phosphoglycerate	  mutase	  
fbxa-­‐217	  
	  
F-­‐box	  containing	  protein	  
	  
*List	   of	   confirmed	   suppressors	   of	   nid-­‐1	   synaptic	   phenotype.	   Genes	   were	   identified	   in	   an	  
RNAi	   screen	   looking	   for	   modifiers	   of	   the	   enlarged	   SNB-­‐1::GFP	   puncta	   observed	   in	   nid-­‐
1(cg119)	   animals.	   Genes	   of	   interest	   first	   identified	   by	   knockdown	   that	   resulted	   in	  
qualitatively	   smaller	   puncta,	   followed	   by	   confirmation	   of	   suppression	   through	  measuring	  
synaptic	  areas.	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Table	  3.3	  CALM-­‐1	  interacting	  proteins	  from	  calcium-­‐dependent	  pulldown	  
Gene	   Brief	  description	  
rack-­‐1	   Receptor	  of	  Activated	  C	  Kinase	  
eif-­‐6	   Eukaryotic	  initiation	  factor	  
hsp-­‐70	   Heat	  shock	  protein	  
rps-­‐6	   Small	  (40S)	  ribosomal	  subunit	  S6	  
protein	  
rpl-­‐2	   Large	  ribosomal	  subunit	  L8	  protein	  
rpl-­‐7A	   Large	  ribosomal	  subunit	  L7a	  protein	  
rsp-­‐3	   SR	  protein,	  splicing	  factor	  
rpl-­‐5	   Large	  ribosomal	  subunit	  L5	  protein	  
rpl-­‐4	   Large	  ribosomal	  subunit	  L4	  protein	  
rpa-­‐0	   Acidic	  ribosomal	  subunit	  protein	  P0	  
lec-­‐1	   Galectin	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Chapter	  IV	  
Concluding	  remarks	  and	  future	  directions	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Section	  4.1	  Concluding	  remarks	  
The	  findings	  in	  chapter	  II	  reveal	  the	  role	  of	  VGCCs	  in	  regulating	  presynaptic	  
morphology	   at	   a	   distinct	   developmental	   time	   point.	   Specifically,	   time-­‐lapse	  
microscopy	  suggests	  UNC-­‐2	  is	  required	  for	  synaptic	  growth	  that	  occurs	  during	  the	  
L4	  larval	  stage	  of	  C.	  elegans.	   It	   is	   important	  to	  note	  while	  the	  time-­‐lapse	  studies	   in	  
this	  dissertation	  examine	  synaptic	  dynamics	  during	   the	  L4	   larval	   stage,	  we	  do	  not	  
rule	   out	   the	   possibility	   of	   UNC-­‐2	   functioning	   earlier	   in	   development	   for	   synaptic	  
growth.	   Regardless,	   the	   synaptic	   growth	   observed	   in	   L4	   larval	   animals	   seems	   to	  
require	   the	  modification	   (presumably	   inhibition)	   of	   cellular	   adhesion,	   since	  wild-­‐
type	   animals	   have	   a	   higher	   prevalence	   of	   nid-­‐1-­‐like	   SNB-­‐1::GFP	   puncta.	  
Furthermore,	  the	  increased	  average	  area	  of	  SNB-­‐1::GFP	  puncta	  in	  late	  L4	  animals	  is	  
not	   retained	   in	   young	  adult	   animals,	   indicating	   synaptic	   adhesion	  may	  need	   to	  be	  
upregulated	  to	  refine	  elongated	  puncta	  to	  a	  smaller	  size.	  	  
These	   data	   are	   consistent	  with	   a	   dynamic	   process	   of	   synaptic	   growth	   that	  
cycles	   between	   loss	   of	   adhesion	   to	   expand	   current	   synaptic	   areas,	   followed	   by	  
increased	  adhesion	  to	  facilitate	  budding	  from	  the	  enlarged	  L4	  puncta	  to	  produce	  the	  
smaller	  puncta	  observed	  in	  young	  adults.	  We	  believe	  this	  process	  of	  expansion	  and	  
budding	   of	   existing	   synapses	   occurs	   alongside	   de	   novo	   addition	   of	   synapses	   to	  
ensure	  the	  proper	  number	  of	  synaptic	  connections	   is	  established	  during	   increased	  
organismal	  growth.	  
Chapter	   III	   identifies	   a	   calcium-­‐binding	   protein,	   CALM-­‐1,	   that	   genetically	  
interacts	   downstream	   of	   VGCCs	   to	   cell	   autonomously	   regulate	   presynaptic	  
morphology,	   a	   novel	   finding	   for	   the	   calmyrin	   family	   of	   proteins.	   Additionally,	   a	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CALM-­‐1	   calcium-­‐dependent	   pulldown	   identified	   the	   intracellular	   scaffolding	  
molecule	  RACK-­‐1	  as	  a	  potential	  target	  of	  CALM-­‐1,	  in	  response	  to	  VGCC	  activity.	  The	  
increased	   synaptic	   area	   of	   rack-­‐1	   loss-­‐of-­‐function	   mutants	   indicates	   it	   restricts	  
synaptic	  growth	  in	  a	  manner	  similar	  to	  nid-­‐1,	  although	  it	  remains	  unclear	   if	   it	  acts	  
together	  or	   redundantly	  with	  nid-­‐1.	   It	   is	   currently	  unknown	  how,	  or	   if,	   the	  CALM-­‐
1/RACK-­‐1	  interaction	  specifically	  affects	  synaptic	  morphology.	  But	  the	  genetic	  and	  
biochemical	  data	  suggest	  CALM-­‐1/RACK-­‐1	  may	  function	  as	  a	  molecular	  switch	  that	  
facilitates	  the	  change	  from	  synaptic	  stability	  to	  growth.	  
Our	   genetic	   analyses,	   overall,	   indicate	   two	   categories	   of	   synaptic	   defects	  
observed	  in	  this	  dissertation:	  loss-­‐of-­‐function	  mutations	  in	  unc-­‐2,	  unc-­‐36	  and	  calm-­‐1	  
have	   enlarged	   and	   organized	   puncta,	   while	   nid-­‐1,	   rack-­‐1,	   ptp-­‐3	   and	   unc-­‐2(gof)	  
mutants	  displayed	  elongated	  and	  disorganized	  puncta.	  Additionally,	  unc-­‐2,	  unc-­‐36	  or	  
calm-­‐1	  suppress	  defects	  of	  nid-­‐1,	  rack-­‐1,	  unc-­‐2(gof)	  and	  ptp-­‐3.	  These	  results	  invoke	  a	  
genetic	  model	   of	   synaptogenesis	  where	  NID-­‐1	   (and	   phenotypically	   related	   genes)	  
inhibits	   calcium-­‐dependent	   synaptic	   growth	   (Fig.	   4.1).	   Coupled	   with	   results	   from	  
the	   developmental	   analysis	   of	   synaptic	   puncta	   from	   chapter	   II,	   we	   hypothesize	   a	  
balance	   between	   synaptic	   adhesion	   and	   calcium	   signaling	   to	   control	  
developmentally	  regulated	  synaptogenesis.	  	  
In	   conclusion,	   the	   results	   presented	   here	   reveal	   a	   calcium	   pathway	   that	  
regulates	  the	  addition	  of	  presynaptic	  areas	  during	  C.	  elegans	  development.	  Both	  the	  
characterization	   of	   UNC-­‐2-­‐mediated	   synaptic	   dynamics	   and	   the	   identification	   of	  
CALM-­‐1	   augment	   the	   current	   knowledge	   of	   synaptic	   biology	   by	   characterizing	   a	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developmentally	  sensitive	  period	  of	  synapse	  addition	  reliant	  on	  VGCCs,	   in	  addition	  
to	  identifying	  a	  downstream	  effector	  to	  regulate	  synaptic	  morphology.	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Section	  4.2	  Future	  Directions	  
The	  findings	  presented	  in	  this	  dissertation	  provide	  new	  insights	  into	  synaptic	  
biology,	   but	   also	   raise	   additional	   questions	   about	   synaptic	   growth	   at	   C.	   elegans	  
GABAergic	   NMJs.	   Going	   forward,	   addressing	   the	   following	   questions	   will	   further	  
illuminate	  the	  nature	  of	  the	  previously	  described	  synaptic	  dynamics.	  
	  
Question	  1:	  How	  is	  RACK-­‐1	  functioning	  at	  GABAergic	  NMJs?	  
In	   chapter	   III,	   RACK-­‐1	   was	   demonstrated	   to	   bind	   CALM-­‐1	   in	   a	   calcium-­‐
dependent	   manner,	   and	   rack-­‐1	  mutants	   displayed	   increased	   synaptic	   areas	   that	  
were	   suppressed	   by	   calm-­‐1.	   The	   genetic	   studies	   are	   consistent	   with	   RACK-­‐1	  
functioning	   to	   promote	   synaptic	   adhesion,	   but	   it	   is	   unknown	   if	   it	   works	   together	  
with	   NID-­‐1	   to	   do	   so.	   The	   physical	   interaction	   between	   CALM-­‐1	   and	   RACK-­‐1	  may	  
suggest	   a	   point	   of	   convergence	   between	   calcium	   signaling	   and	   synaptic	   adhesion.	  
We	   hypothesize	   RACK-­‐1	   works	   with	   the	   NID-­‐1	   complex,	   and	   acts	   as	   a	   switch	  
between	  the	  adhesive	  and	  expansionary	  states	  at	  the	  synapse	  in	  response	  to	  UNC-­‐2	  
activity.	  
Synaptic	   areas	   of	   the	   rack-­‐1;nid-­‐1	   double	   mutant	   would	   identify	   if	   rack-­‐1	  
worked	   in	   the	  nid-­‐1	  pathway.	  We	  predict	   synaptic	   areas	  would	  be	   similar	   to	  both	  
single	   mutants,	   indicating	   a	   common	   pathway	   to	   regulate	   synaptic	   morphology.	  
Despite	  both	  of	  these	  single	  mutants	  having	  significantly	  enlarged	  areas	  from	  wild-­‐
type	  animals,	  our	  prediction	  is	  not	  based	  on	  reaching	  a	  synaptic-­‐area	  ceiling;	  unc-­‐36	  
loss-­‐of-­‐function	  mutants	   increase	   the	   already	   enlarged	   and	   disorganized	   areas	   of	  
collagen	  XVIII,	  cle-­‐1	  (unpublished	  data).	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We	   believe	   RACK-­‐1	   functions	   through	   the	   NID-­‐1	   complex	   because	   of	   cell	  
culture	   evidence	  demonstrating	  RACK-­‐1	  binds	  PTPμ,	  which	  may	   suggest	   a	   similar	  
interaction	   at	   GABAergic	   NMJs.	   For	   example,	   RACK-­‐1	   binds	   the	   catalytic	  
phosphatase	  domain	  of	   PTPμ,	   and	   these	  proteins	   interact	   at	   the	  points	   of	   cell-­‐cell	  
contacts	  in	  MvLu	  cells	  grown	  at	  high	  density	  [91].	  Furthermore,	  this	  interaction	  was	  
inhibited	   by	   constitutively	   activate	   src,	   indicating	   protein	   competition	   can	   disrupt	  
RACK-­‐1/PTPμ	   binding	   [91].	   RACK-­‐1	   also	   interacts	   with	   PTPμ	   in	   LNCaP	   prostate	  
carcinoma	   cells,	   where	   PTPμ	   expression	   induces	   E-­‐cadherin-­‐mediated	   adhesion	  
[90].	  Thus,	  RACK-­‐1	  and	  PTP-­‐3	  may	  be	   interacting	  at	   the	  presynaptic	  membrane	  of	  
GABAergic	   NMJs	   to	   promote	   synaptic	   adhesion,	   and	   this	   interaction	   could	   be	  
disrupted	  by	  CALM-­‐1	  binding	  to	  RACK-­‐1	  (Fig.	  4.2).	  
The	   phosphatase	   activity	   of	   PTP-­‐3	   is	   required	   for	   the	   proper	   formation	   of	  
synapses	   in	   the	  GABA	  neurons	   [43].	  Thus,	   regulating	   the	  phosphorylation	   state	  of	  
active	   zone	   proteins	   could	   result	   in	   a	   control	   mechanism	   that	   can	   switch	   from	  
synaptic	  adhesion	  to	  growth.	  Since	  rack-­‐1	  phenocopies	  ptp-­‐3,	  we	  hypothesize	  RACK-­‐
1	  stabilizes	  PTP-­‐3	  at	  the	  synapse.	  We	  predict	  the	  disruption	  of	  phosphatase	  activity	  
by	   a	   potential	   CALM-­‐1/RACK-­‐1	   interaction	   could	   be	   achieved	   by	   altering	   PTP-­‐3	  
levels.	  	  
If	  RACK-­‐1	  stabilizes	  PTP-­‐3,	  we	  may	  be	  able	  to	  detect	  this	  effect	  by	  examining	  
any	  deviations	  in	  PTP-­‐3	  localization	  using	  the	  PTP-­‐3A::GFP	  marker	  strain,	  juIs194.	  If	  
RACK-­‐1	   stabilizes	   PTP-­‐3,	   then	   mutations	   in	   calm-­‐1	  may	   increase	   PTP-­‐3	   intensity	  
since	  CALM-­‐1	  is	  not	  present	  to	  disrupt	  RACK-­‐1	  interaction	  with	  PTP-­‐3;	  conversely,	  
rack-­‐1	   mutants	   would	   result	   in	   decreased	   intensity	   of	   PTP-­‐3A::GFP.	   We	   would	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confirm	   the	   CALM-­‐1/RACK-­‐1	   interaction	   affects	   PTP-­‐3	   activity	   by	   reintroducing	  
both	  enzymatic	  inactive	  and	  active	  copies	  of	  PTP-­‐3	  into	  unc-­‐2(gof).	  	  
If	   hyperactive	   calcium	   signaling	   is	   modulating	   PTP-­‐3	   phosphatase	   activity,	  
overexpressing	   phosphatase	   active	   copies	   of	   PTP-­‐3	   may	   suppress	   the	   elongated	  
SNB-­‐1::GFP	  puncta	   in	  unc-­‐2(gof).	   If	  suppression	  occurred,	  we	  expect	  enzymatically	  
inactive	   PTP-­‐3	   to	   have	   no	   effect.	   Alternatively,	   enzymatically	   inactive	   PTP-­‐3	  may	  
suppress	  the	  unc-­‐2(gof)	  phenotype.	  This	  result	  suggests	  PTP-­‐3	  can	  also	  structurally	  
regulate	  synaptic	  morphology,	  and	  is	  disrupted	  by	  CALM-­‐1	  interacting	  with	  RACK-­‐1.	  	  
	  
Question	   2:	   Does	   the	   postsynaptic	   muscle	   contribute	   to	   the	   regulation	   of	  
synaptic	  growth	  during	  development?	  
While	   the	   work	   in	   this	   dissertation	   focuses	   exclusively	   on	   presynaptic	  
regulation	  of	  synapse	  morphology,	  our	  analysis	  would	  not	  be	  complete	  if	  we	  did	  not	  
investigate	   the	   contribution,	   if	   any,	   the	  postsynaptic	  muscle	   cells	  make	   in	   shaping	  
GABAergic	  NMJs.	  For	  example,	  do	   the	  muscles	  signal	   to	  GABA	  neurons	   to	   regulate	  
synapse	  morphology?	  Also,	  is	  there	  a	  coordinated	  developmental	  program	  between	  
neurons	  and	  muscle	  that	  dictates	  synaptic	  dynamics	  during	  C.	  elegans	  development?	  	  
We	  first	  are	  interested	  in	  understanding	  the	  role	  of	  the	  GABA	  receptor,	  UNC-­‐
49,	   in	  regulating	  synaptic	  morphology.	  unc-­‐49(e407)	  mutant	  animals	  possess	  SNB-­‐
1::GFP	  puncta	  that	  are	  similar	  in	  shape	  and	  size	  as	  loss-­‐of-­‐function	  mutations	  in	  unc-­‐
2	   and	   unc-­‐36	   (Fig.	   4.3),	   suggesting	   an	   effect	   on	   presynaptic	   areas	   due	   to	   lack	   of	  
GABA	  receptor	  since	  the	  e407	  is	  a	  null	  allele	  of	  unc-­‐49.	  
	   106	  
The	  defects	  are	  not	  believed	  to	  be	  caused	  by	  loss	  of	  GABA	  transmission	  since	  
GABA	   synthesis	  mutants,	  unc-­‐25,	   and	  mutants	   unable	   to	   undergo	   synaptic	   vesicle	  
fusion,	  unc-­‐13,	  do	  not	  have	  morphology	  defects	   [14,	  36].	  These	  results	  are	  similar,	  
but	  not	  identical,	  to	  what	  is	  seen	  in	  C.	  elegans	  SAB	  NMJs,	  where	  loss	  of	  postsynaptic	  
cholinergic	  receptor	  unc-­‐29	  in	  muscle	  cells,	  as	  well	  as	  a	  gain-­‐of-­‐function	  mutation	  in	  
the	   potassium	   channel	   egl-­‐36,	   leads	   to	   sprouting	   of	   cholinergic	   presynaptic	   areas	  
that	  is	  similar	  to	  defects	  in	  presynaptic	  neurotransmission	  [95].	  	  
We	   would	   make	   calm-­‐1;unc-­‐49	  double	   mutants	   to	   determine	   how	   UNC-­‐49	  
regulates	  GABAergic	  synapses,	  since	  calm-­‐1	  mutants	  do	  not	  have	  an	  uncoordinated	  
phenotype	   and	   regulate	   synaptic	   morphology	   downstream	   of	   VGCCs.	   If	   there	   is	  
genetic	   redundancy	   between	   unc-­‐49	   and	   calm-­‐1,	   we	   would	   expect	   to	   find	   an	  
increase	   in	   synaptic	   areas	   of	   the	   double	   mutant.	   unc-­‐49	   redundancy	   with	   calm-­‐1	  
would	   suggest	   a	   separate	   pathway	   through	   which	   UNC-­‐49	   shapes	   synaptic	  
morphology.	   Conversely,	   presynaptic	   areas	   of	   similar	   size	   to	   each	   single	   mutant	  
would	   be	   observed	   if	   UNC-­‐49	   regulates	  morphology	   similarly	   to	   CALM-­‐1	   and	   the	  
VGCCs.	  Likewise,	  the	  unc-­‐49;nid-­‐1	  double	  mutant	  would	  be	  expected	  to	  suppress	  the	  
defects	  of	  nid-­‐1,	  similar	  to	  unc-­‐2;nid-­‐1	  and	  calm-­‐1;nid-­‐1.	  	  
Ordering	   the	   sequence	   of	   any	   coordination	   between	   muscle	   and	   neuron	  
synaptic	   dynamics	   would	   also	   prove	   to	   be	   informative.	   UNC-­‐49	   is	   located	   on	   the	  
muscle	  arms	  that	  contact	  motor	  neuron	  axons,	  and	  receptor	  clusters	  are	  observed	  in	  
a	  1:1	  ratio	  to	  presynaptic	  SNB-­‐1::GFP	  puncta	  [36,	  40].	  This	  localization	  positions	  it	  
to	   affect	   or	  mirror	   presynaptic	  morphology.	   Looking	   at	   receptor	   clustering	   in	   the	  
genetic	   backgrounds	   of	   our	   interest,	   UNC-­‐49	   immunostaining	   of	   juIs1	  (wild	   type),	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unc-­‐2(gof)	  and	  calm-­‐1(lof)	  show	  a	  1:1	  ratio	  of	  UNC-­‐49	  to	  SNB-­‐1,	  but	  only	  in	  puncta	  
that	  resemble	  wild-­‐type	  size	  (Fig.	  4.4).	   	  Interestingly,	  this	  is	  similar	  to	  what	  is	  seen	  
with	   synaptic	   organizing	   molecule	   SYD-­‐2	   localization	   in	   elongated	   SNB-­‐1::GFP	  
puncta.	   SYD-­‐2	   normally	   localizes	   to	   a	   single,	   discrete	   punctum	   surrounded	   by	   a	  
larger	   accumulation	   of	   SNB-­‐1::GFP	   [96].	   But	   mutations	   in	   rpm-­‐1,	  an	   E3	   ubiquitin	  
ligase,	  result	  in	  enlarged	  SNB-­‐1::GFP	  that	  possess	  an	  increased	  number,	  not	  size,	  of	  
SYD-­‐2	  puncta	  [96].	  	  
These	  results	  suggests	  there	  is	  a	  size	  limitation	  of	  active	  zones,	  and	  neurons	  
overcome	   this	   limitation	   by	   adding	   new	   active	   zones	   to	   regions	   of	   enlarged	  
presynaptic	  areas,	  which	  might	  instruct	  the	  formation	  of	  new	  UNC-­‐49	  clusters.	  We	  
hypothesize	   there	   is	   a	   temporal	   relationship	   between	   the	   increase	   in	   UNC-­‐49	  
clusters	   and	   enlarged	   presynaptic	   areas,	   and	   predict	   the	   enlargement	   of	   existing	  
SNB-­‐1::GFP	  areas	  precedes	  the	  accumulation	  of	  UNC-­‐49	  puncta.	  
Two	   lines	  of	   evidence	   indicate	   the	  elongation	  of	   SNB-­‐1::GFP	  might	  precede	  
the	   appearance	   of	   UNC-­‐49	   puncta.	   First,	   muscle	   arms	   extend	   and	   synapse	   onto	  
ectopic	  axons	  that	  terminate	  before	  reaching	  the	  dorsal	  nerve	  cord,	  and	  also	  extend	  
to	  the	  synaptic	  vesicle-­‐rich	  cell	  bodies	  in	  animals	  with	  mutations	  in	  the	  kinesin	  gene	  
unc-­‐104	   [97,	   98].	   Secondly,	   UNC-­‐49	   clusters	   appear	   after	   initial	   SNB-­‐1::GFP	  
formation,	  and	  these	  clusters	  form	  opposite	  of	  GABA	  release	  sites	  on	  ectopic	  axonal	  
projections	   [40].	   Interestingly,	   receptor	   clustering	   is	   not	   dependent	   on	  
neurotransmission,	   as	   clustering	   is	   normal	   in	   unc-­‐25	  mutants	   [40].	   This	   supports	  
the	  hypothesis	  of	  a	  neuronal	  clustering	  factor,	  independent	  of	  GABA	  signaling,	  that	  
informs	  UNC-­‐49	  receptor	  localization.	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These	   studies	   were	   performed	   in	   L1	   animals,	   and	   it	   is	   unknown	   if	   the	  
mechanism	  of	  GABA	  receptor	  clustering	   is	  similar	   for	  synapses	  added	   later	  during	  
development.	  Indeed,	  the	  majority	  of	  muscle	  arm	  extension	  occurs	  between	  the	  L1	  
and	   L2	   developmental	   stage	   [99],	   which	   is	   before	   the	   time	   period	   we	   observed	  
synaptic	  growth	  dynamics	  [14].	  
To	   determine	   if	   UNC-­‐49	   receptor	   clustering	   precedes	   SNB-­‐1::GFP	   puncta	  
elongation	   during	   the	  wild-­‐type	   L4	   larval	   stage,	   an	  UNC-­‐49	   fusion	   protein	  will	   be	  
expressed	   in	   tandem	  with	  our	   SNB-­‐1::GFP	  marker.	   Time-­‐lapse	  microscopy	  will	   be	  
utilized	   to	   simultaneously	   observe	   receptor	   clustering	   alongside	   presynaptic	  
dynamics.	   UNC-­‐49	   clusters	   are	   predicted	   to	   appear	   after	   SNB-­‐1::GFP	   elongation,	  
supporting	  the	  neuronal	  clustering	  factor	  hypothesis.	  	  
Alternatively,	   UNC-­‐49	   clusters	   could	   precede	   SNB-­‐1::GFP	   expansion,	  
presumably	  because	  of	  the	  existence	  of	  muscle	  arms	  in	  the	  region.	  This	  would	  not	  be	  
totally	  unexpected	  because	  ectopic	  muscle	   cells,	   resulting	   from	  ablation	  of	  muscle	  
precursor	   cells,	   possess	   the	   ability	   to	   attract	   motor	   neuron	   processes,	   leading	   to	  
ectopic	  branches	  and	   sprouting	  of	  GABAergic	  NMJs	   [100].	  Hence,	  muscles	  possess	  
the	  ability	  to	  influence	  synapse	  formation.	  This	  would	  fall	   in	  line	  with	  results	  from	  
Drosophila	   NMJ,	   where	   CaMKII	   regulates	   presynaptic	   morphology	   from	   the	  
postsynaptic	  muscle	  [81,	  101].	  Regardless	  of	  the	  origin	  of	  the	  initiating	  signal,	  either	  
result	   would	   provide	   exciting	   insight	   into	   the	   mechanism	   of	   synaptic	   addition	  
during	  growth.	  	  
	   	  
	   109	  
Section	  4.3	  Figures	  	  
	  
Figure	  4.1	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Figure	  4.1	  Model	  of	  genetic	  interactions	  that	  regulate	  synaptic	  growth	  Genetic	  
analyses	  of	  synaptic	  morphology	  suggests	  a	  mechanism	  to	  regulate	  synaptic	  growth.	  
Data	   from	   unc-­‐2	   gain-­‐of-­‐function	   (gof)	   animals	   suggests	   calcium	   signaling	   is	  
required	   for	   synaptic	   growth,	   as	   SNB-­‐1::GFP	   puncta	   areas	   are	   increased	   in	   these	  
mutants.	  Further	  evidence	  implicating	  calcium	  signaling	  in	  promoting	  growth	  comes	  
from	  unc-­‐2,	  unc-­‐36	  and	  calm-­‐1	  mutant	  suppression	  of	  the	   increased	  synaptic	  areas	  
observed	   in	   nid-­‐1,	   ptp-­‐3,	   rack-­‐1,	   and	   unc-­‐2	   (gof)	  mutants.	   These	   data	   support	   a	  
model	   where	   NID-­‐1	   complex	   restricts	   synaptic	   growth	   by	   inhibiting	   calcium	  
signaling	   through	   UNC-­‐2.	   Relief	   of	   NID-­‐1	   complex	   inhibition	   results	   in	   synapse	  
growth.	   Genetic	   analysis	   suggests	   RACK-­‐1	   also	   inhibits	   synapse	   growth,	   but	   it	   is	  
unknown	  if	  it	  is	  through	  the	  NID-­‐1/PTP-­‐3	  complex	  or	  another	  parallel	  pathway.	  The	  
calcium-­‐dependent	   interaction	   of	   CALM-­‐1	   and	   RACK-­‐1	   may	   have	   an	   impact	   on	  
RACK-­‐1	  inhibition.	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Figure	  4.2	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Figure	   4.2	   Potential	   molecular	   model	   of	   developmental	   synapse	   growth	   A	  
simplified	  model	  of	  synapse	  addition	  through	  existing	  synaptic	  contacts	  may	  occur.	  
(A)	  Prior	   to	  calcium	  entry,	   the	  nidogen	  adhesion	  complex	  exists	  by	  connecting	  the	  
extracellular	   matrix	   to	   synaptic	   organizing	  molecule,	   SYD-­‐2.	  We	   hypothesize	   that	  
RACK-­‐1	  aids	  in	  the	  stability	  of	  the	  adhesion	  complex	  by	  interacting	  with	  PTP-­‐3.	  (B)	  
Calcium	   entry	   through	   VGCCs	   activates	   CALM-­‐1	   (red	   circle).	   In	   response	   to	  
activation,	   CALM-­‐1	   binds	   RACK-­‐1	   and	   alters	   the	   PTP-­‐3/NID-­‐1	   complex	   (either	  
enzymatically	   or	   structurally),	   leading	   to	   the	   diffusion	   of	   SYD-­‐2	   and	   expansion	   of	  
synaptic	  areas.	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Figure	  4.3	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Figure	   4.3	  UNC-­‐49	  mutants	   possess	   enlarged	   SNB-­‐1::GFP	  puncta	  Bar	  graph	  of	  
SNB-­‐1::GFP	  area	  comparing	  wild	  type	  to	  unc-­‐2,	  unc-­‐36	  and	  unc-­‐49	  mutants.	  A	  loss-­‐
of-­‐function	   mutation	   in	   the	   GABA	   receptor,	   unc-­‐49,	   phenocopies	   loss-­‐of-­‐function	  
mutations	   in	   VGCC	   subunits	   unc-­‐2	   and	   unc-­‐36.	   All	   three	   possess	   significantly	  
increased	  SNB-­‐1::GFP	  areas	  compared	  to	  wild	  type,	  while	  not	  significantly	  differing	  
from	  each	  other.	  N>180	  puncta;	  **P<0.01.	  Statistical	  significance	  was	  calculated	  by	  
using	   the	   Student’s	   t-­‐test.	   Error	   bars	   represent	   the	   Standard	   Error	   of	   the	   Mean	  
(SEM).	  Confocal	  image	  acquisition	  and	  image	  analysis	  were	  conducted	  as	  previously	  
described	  in	  chapters	  II	  and	  III.	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Figure	  4.4	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Figure	  4.4	  UNC-­‐49	  puncta	  align,	  up	   to	  a	   certain	   size,	  with	  SNB-­‐1::GFP	  puncta	  
Visualization	   of	   GABA	   receptors	   via	   antibody	   staining	   of	   various	   juIs1	  (wild	   type)	  
genotypes	   with	   rabbit	   anti-­‐UNC-­‐49	   primary	   antibody	   (3:1000)	   and	   Alexa	   594-­‐
labeled	   anti-­‐rabbit	   secondary	   antibody	   (1:10,000).	   	   (A)	  Wild-­‐type	   animals	   (juIs1)	  
have	  UNC-­‐49	  puncta	  across	   from	  SNB-­‐1::GFP	  puncta	   (arrows)	   (B)	  calm-­‐1(tm1353)	  
animals	  also	  have	  UNC-­‐49	  receptors	  across	  from	  SNB-­‐1::GFP	  puncta	  (arrows).	  (C-­‐D)	  
unc-­‐2(zf35)	  animals	  have	   receptor	   clusters	   that	   are	  not	   equivalent	   in	   size	   to	   SNB-­‐
1::GFP	   puncta.	   Some	   enlarged	   SNB-­‐1::GFP	   areas	   have	   multiple	   receptor	   clusters	  
(arrows).	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